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Nonwoven fibers have practical uses in diverse fields ranging from commodity 
products such as apparel, filtration, and hygiene products to advanced functional materials 
such as biomimetic scaffold materials, regenerative medicine, and optoelectronics. 
However, a need still exists to develop techniques to produce fibrous materials with high 
performance capabilities both economically and sustainably. Current synthetic fiber 
manufacturing technologies typically use either solvent or heat to transform a solid 
preformed polymer into a liquid before applying a force to draw the liquid into fiber. While 
the use of solvent poses concerns regarding process safety, environmental impact, and 
solvent recovery, the use of heat often leads to polymer degradation and excessive energy 
consumption.  
This dissertation attempts to address the challenging issue of producing high 
performance microfibers and nanofibers by using centrifugal spinning, an emerging 
technology and a promising manufacturing alternative to melt blowing and 
electrospinning. The intrinsically large centrifugal force leads to high throughput and low 
cost processing, while the capability to process both polymer melts and solutions 
demonstrates flexibility. The overall objective is to develop and optimize the centrifugal 
 vii 
spinning process to generate novel multifunctional fibrous materials and to establish 
process-structure-property relationships.  
In this dissertation, a new fiber fabrication method combining centrifugal spinning 
and light initiated polymerization will be introduced. In contrast to traditional methods that 
utilize preformed polymers, the technique developed in this work produces fibers on 
demand from liquid monomer mixtures using only light to initiate polymerization.  This 
method presents a potential route for green manufacturing of high performance fibers by 
reducing and even eliminating the use of both solvent and heat. The underlying physics 
and the principle parameters governing fiber formation, fiber morphology and fiber 
diameter are discussed. This knowledge is leveraged to develop new reactive monomer 
formulations containing high amounts of inorganic content in order to diversify the 
accessible material profile and enhance fiber properties. In addition, melt state centrifugal 
spinning of high performance materials with distinct properties is also discussed. Overall, 
the methods developed in this dissertation will provide key guidance for greener nonwoven 
fiber manufacturing while greatly expanding the ability to directly tailor fiber properties. 
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Chapter 1:  Introduction to Nonwoven Fiber Manufacturing 
Technologies 
1.1 NONWOVEN FIBERS 
A nonwoven is a sheet of randomly oriented fibers bonded together by physical 
entanglements (Figure 1.1 b), as opposed to woven (Figure 1.1 a) or knitted fabrics. To 
increase the mechanical integrity, the loose nonwoven mat can subsequently be subjected 
to spunlace, thermal, or chemical bonding processes to introduce fused junctions between 
individual fibers (Figure 1.1 c). The global nonwoven fiber industry was worth over 14 
billion US dollars in 2004 and has been growing at a rate of 7-8% annually.1 Natural and 
polymeric nonwoven fibers find practical uses in a wide range of industries, such as 
consumer hygiene products, apparel, automotive, filtration and geotextiles, among many 
others. 
 
Figure 1.1:  Schematic illustrations of (a) woven fabrics, (b) nonwoven fabrics, and (c) 
thermally or chemically bonded nonwoven fabrics. Images reprinted with 
permission from [2]. Copyright © 2006 Annual Reviews. 
An important feature of nonwoven fibers is the high surface area to volume ratio. 
For instance, a one gram fiber mat containing single micron sized fibers can have a surface 
area over 1 m2. Because the specific surface area of a fiber is inversely proportional to its 
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diameter, fibers with smaller diameters possess higher specific surface area. Nonwoven 
fibers with average diameters in the single micron and several hundred nanometer range 
have been the subject of much research effort and are desired for a number of high 
performance applications where specific surface area is crucial, such as catalysis, battery 
components, and water and oil filtration.3-5 
Combined with their high surface area, there exists a number of versatile surface 
modification techniques that offer nearly limitless options to develop functional fibrous 
materials suitable for a wide range of specialty applications. For example, Jiang and others 
coated nanofibers with polydopamine to control the loading and release of anticancer drugs 
in a pH responsive manner for oral cancer treatments.6-7 Starting with commercial cellulose 
filter paper, Jin and coworkers developed titanium coating strategies coupled with silane 
treatments to produce amphiphobic filter paper with inhibited bacterial adhesion.8 In the 
realm of tissue engineering, numerous studies have shown that introducing functional 
coatings onto inert polymeric nonwoven fibers can improve cell adhesion and proliferation 
and lead to viable biomimetic scaffold materials.9-11 
Despite these advancements, a need still exists to develop techniques to produce 
fibrous materials with high performance capabilities both economically and sustainably. 
Additionally, fiber processing significantly impacts the ultimate mat properties, such as 
average fiber length and diameter, mat porosity, fiber entanglement density, fiber strength, 
etc., which in turn determine potential end use applications. The following section offers 
an overview of the existing technologies used to fabricate nonwoven fibers and discusses 
the advantages and drawbacks of each method. 
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1.2 FIBER SPINNING TECHNOLOGIES AND CHALLENGES 
1.2.1 Conventional methods  
Most commercial fibers are made by wet spinning, dry spinning, and melt spinning. 
In wet spinning (schematic diagram of this process is presented in Figure 1.2 a), a spinning 
dope is first prepared by dissolving a polymer in a good solvent. The spinning dope is 
extruded through a multi-orifice spinneret submerged in a coagulation bath containing a 
liquid that is miscible with the spinning dope solvent but is a non-solvent for the polymer. 
The spinning dope undergoes elongation and phase separation induced precipitation as it 
passes through the coagulation bath, solidifying into polymeric fibers.  
 
Figure 1.2: Schematic representations of (a) wet spinning, (b) dry spinning, and (c) melt 
spinning. Image adapted from public domain [12]. 
Similar to wet spinning, dry spinning (Figure 1.2 b) also involves extruding a 
polymer-solvent spinning dope through a spinneret. However, instead of precipitating the 
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polymer in a liquid coagulation bath, solid filaments are formed by evaporation of solvent 
which can be assisted by air jets. On the other hand, melt spinning (Figure 1.2 c) involves 
molten polymer that is extruded through an orifice, drawn by take-up wheels, and 
eventually solidified by cooling. Melt spinning is the most cost effective of the three 
methods because it is high speed and requires no solvent. Solvents can be hazardous and 
expensive to implement in high volume manufacturing and typically must be recovered or 
recycled. 
Following fiber formation, additional steps such as washing, fiber finishing, dyeing, 
uni-axial stretching may be performed as required. To process fibers into nonwovens, 
fibers are sometimes cut into fragments typically shorter than a few inches, called staple 
fibers, and dispersed by air (air-laid) or water (wet-laid) to form a nonwoven web on a 
substrate for collection. 
These conventional fiber spinning methods have also been used to produce 
advanced functional fibrous materials. For instance, wet spinning was employed to 
fabricate multifunctional carbon fibers from well-aligned carbon nanotubes13-14 and 
graphene oxide,15 as well as biomimetic fibers from recombinant spider silk proteins.16-18 
These studies elicit the profound impact of processing on development of microscopic 
structure (crystal phase, orientation and alignment, etc.) and its effect on the enhancement 
of final fiber properties. However, these common methods typically generate fibers with 
fairly large diameters in the range of tens to hundreds of microns.  
1.2.2 Melt blowing 
Melt blowing is the most widely used process to produce commercial nonwoven 
fibers with average diameters around one micron and it has been implemented by a number 
of companies such as 3M, Hollingsworth & Vose, Kimberly Clark, and 
Fleetguard/Cummins. Most commonly, melt blowing generates fibers with average 
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diameters exceeding 1-2 µm,19-20 although melt blown nanofibers have also been reported 
previously.20-21 Figure 1.3 is a schematic illustration of the melt blowing process.22 As 
shown, a molten polymer is first extruded through a die and attenuated into thin continuous 
fibers by hot air jets with high velocity. The liquid fiber jet solidifies as the temperature 
drops below the glass transition or crystallization temperature of the polymer. The 
governing process parameters in melt blowing include flow rates and temperatures of the 
polymer melt and hot air,21 die design, 23-24 die to collector distance,25 and other intrinsic 
material properties.21, 26-27 
 
Figure 1.3: Schematic of a melt blowing apparatus. Image is from public domain [22].  
Melt blowing offers high throughput because all the material that passes through 
the spinneret orifice ends up in the final product, but it uses significant thermal energy both 
for melting the polymer and sustaining the continuous hot air jets. In fact, heating air is one 
of the largest costs in melt blown nonwoven products.28 This energy cost, which directly 
translates to processing and manufacturing costs, can fluctuate wildly in the short term and 
is likely to continue to rise with the cost of energy in the long term. Another challenge for 
melt blowing is related to the fact that the ideal melt blowing temperature is typically 30 
to 50 oC higher than the melting temperature of the polymer being processed. Although 
melt blowing is capable of processing a wide range of polymers including polypropylene,25, 
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29 polystyrene,21, 24 poly(butylene terephthalate),21, 30 and polyamides,31 the upper 
processing limit is predetermined by the degradation temperature of the polymer. This 
presents significant challenges in processing polymers with high melting temperatures 
(particularly ones with melting temperature close to the degradation temperature) leading 
to a narrow processing window and potential for fibrous products with degraded properties.  
1.2.3 Electrospinning 
Electrospinning is a versatile and flexible fiber spinning technology that has been 
widely studied since it was first developed by Rayleigh, Zeleny, and Formhals in the early 
1900s.32-33 As illustrated in Figure 1.4, electrospinning uses a strong electric field to draw 
a polymer-solvent solution into a thin jet; the polymer solution jet thins and solidifies due 
to rapid solvent evaporation to form polymer fibers. Electrospinning has attracted much 
attention, particularly in the research community, due to its capability to yield fibers 
ranging from tens of nanometers to several micrometers in diameter. This technique can 
process a versatile range of polymers, as long as a solvent exists with suitable volatility. 
The polymer must also be used at the right concentration for its given molecular weight, 
forming a polymer solution with so called ‘good spinnability’. The importance of 
individual parameters that contribute to spinnability and in turn the formation, morphology, 
diameter, and final properties of electrospun fibers are still debated. These parameters are 
complex and often interrelated; they include process parameters (applied voltage, flow rate, 
spinneret and electrode configuration34-35) and material parameters (polymer 
concentration, molecular weight and its distribution,36-38 solution viscoelasticity,38-40 
surface tension,41 conductivity,42 and solvent quality43). 
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Figure 1.4: Schematic of an electrospinning apparatus. Image is reprinted with 
permission from [44]. Copyright © 2013 InTech. 
Although electrospinning has been a popular fiber spinning method for academic 
research owing to its versatility and simple instrumental set up, issues like low process 
throughput, solvent recovery, and process safety makes it inherently challenging to 
commercialize. Modifications and variations of the electrospinning process, for instance, 
replacing single orifice electrospinning with multiple-jet electrospinning,45-46 free 
surface/needleless electrospinning,47-48 and rotary cone electrospinning49 have successfully 
increased process throughput. However, these modifications do not address the biggest 
challenge in that the process uses polymer solutions containing large amounts (typically 
85-90 wt%) of solvent. Furthermore, many polymers with desirable properties such as 
polyethylene, polypropylene, poly(butylene terephthalate), etc. cannot be dissolved in 
common organic solvents, making them difficult to be electrospun. The environmental, 
safety, and economic concerns posed by the heavy use of solvent and the need for solvent 
recovery still need to be addressed for the widespread application of electrospinning in the 
nonwoven industry.  
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1.2.3 Centrifugal spinning  
Centrifugal spinning or rotary spinning, has been used in industry for mass 
production of glass fiber for over half a century. However, it was not until the 1990s that 
centrifugal spinning was employed to produce polymer fibers by companies such as BASF 
Aktiengesellschaft, Owens Corning, and AkzoNobel.50-52 Recently, a centrifugal spinning 
design for polymer nanofiber mass production has been developed and patented by Lozano 
and Sarkar53-54 and commercialized by FibeRio Technology Corporation under the 
tradename ForcespinningTM. A photograph of a bench scale Forcespinning instrument, the 
Cyclone, and the schematic representation of the spinneret is shown in Figure 1.5. This 
commercial instrument is equipped with a high speed motor, enabling rotational speeds up 
to 20,000 revolutions per minute (rpm) and hence large centrifugal forces. A polymer melt 
or solution is delivered through the orifices of the fast rotating spinneret. When the 
rotational speed reaches a threshold value, the centrifugal force overcomes the surface 
tension of the drop formed at the orifice exit and the droplet is stretched into a fluid jet and 
attenuated into submicron fibers.  
 
Figure 1.5: (a) A photograph of a lab-scale centrifugal ForcespinningTM apparatus. (b) A 
schematic diagram of fiber delivered through the rotating spinnerets and 
being deposited on the circumferential collector.  
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To further understand fiber formation in centrifugal spinning, several groups 
independently captured the initial stages of fiber formation utilizing high-speed 
photography.55-56 Figure 1.6 presents the digital images and schematic diagrams that 
describe the process of jet initiation and formation in centrifugal spinning as reported by 
Xu and coworkers56. When the spinneret rotates, the centrifugal force acts against the 
viscous force of the solution and the friction force between the solution and the orifice wall, 
pushing the solution in the outward/radial direction, forming a pendant droplet at the orifice 
outlet (Figure 1.6 Stage 1). Once the angular velocity reaches a threshold value, the 
centrifugal force overcomes the surface tension of the pendant drop, causing the droplet to 
travel outward and further deform (Figure 1.6 Stage 2). As the spinneret continues to 
rotate, the jet undergoes necking and elongation with a droplet on the end (Figure 1.6 Stage 
3). Note that the droplet lags behind while the necked segment travels at almost the same 
speed as the orifice. This is because as rotation continues, the end droplet, which has larger 
weight, travels faster than the thinned necked segment under the effect of inertia, forming 
a signature ‘anti-S’ jet trajectory (Figure 1.6 Stage 4). Eventually, a steady curved jet is 
sustained (Figure 1.6 Stage 5).  
 
Figure 1.6: (a) Digital images and (b) schematic representations of the initiation of jet 
formation in centrifugal spinning. Image reprinted with permission from 
[56]. Copyright © 2014 Wiley Periodicals, Inc. 
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Compared to melt blowing, melt state centrifugal spinning requires significantly 
less thermal energy input since only the spinneret and the polymer feed needs to be heated 
(i.e., there are no hot air jets). On the other hand, solution state centrifugal spinning allows 
for one to two orders of magnitude higher throughput compared to electrospinning owing 
to the large centrifugal drawing force, which enables the use of much more concentrated 
polymeric solutions.57-59  
Centrifugal spinning enables low cost and high throughput production of micro- 
and nanofibers from a wide range of polymeric,54, 60-62 ceramic,63-64 and metallic65-66 
materials. Several studies aimed to understand the physics and governing parameters for 
fiber formation in centrifugal spinning. Mellado and coworkers described a scaling 
framework that relates fiber diameter to the spinning parameters such as viscosity, angular 
speed, distance to the collector, and orifice radius, supported by experimental observations 
and simulations.67 Taghavi and Larson used a regularized string model to quantitatively 
determine fiber velocity and diameter by balancing centrifugal, inertial, and viscous forces. 
They concluded the results can be described by the Rossby number (the ratio of inertial to 
centrifugal forces) and Reynolds number (the ratio of inertial to viscous forces).68 More 
recently, Ren et al. analyzed fiber morphology in terms of solution viscoelasticity, 
centrifugal forces, and solvent mass transfer. It was found that fiber formation and 
morphology can be predicted by the Weissenberg number (the ratio of centrifugal time to 
fluid relaxation time) and Capillary number (the ratio of viscous time to centrifugal time), 
while fiber diameter is largely determined by spinning solution elasticity and solvent 
evaporation.62 
However, most studies have focused on solution state centrifugal spinning to date. 
Melt state centrifugal spinning has been limited to processing of commodity polymers such 
as polypropylene.69 With intrinsically large centrifugal force and heating capability, 
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centrifugal spinning has great potential to produce microfibers and nanofibers on a large 
scale, even using materials that could not be spun using melt blowing and electrospinning. 
1.3 OBJECTIVE AND OVERVIEW 
As discussed above, all of the methods require large quantities of solvent or thermal 
energy input to transform a solid pre-formed polymer into a liquid prior to application of a 
drawing force. However, high performance polymers such as poly(p-phenylene sulfide), 
poly(butylene terephthalate), polyoxymethylene, etc., can be particularly problematic 
because they usually possess high solid-to-liquid transition temperatures and limited 
solubility in common organic solvents. This often requires the polymers to be melt 
processed within a narrow processing window close to their degradation temperature with 
the associated risk of polymer degrading within processing equipment and diminished 
thermal stability or mechanical properties of the final fiber product. On the other hand, 
solution processing such materials usually requires harsh solvents, which is not attractive 
for large scale manufacturing and can limit end-use applications due to residual solvent 
concerns.  
This dissertation attempts to address the challenging issue of producing high 
performance microfibers and nanofibers. As previously discussed, centrifugal spinning is 
an emerging technology and a promising manufacturing alternative to melt blowing and 
electrospinning. Its intrinsically large centrifugal force leads to high throughput and low 
cost processing, while its capability to process both polymer melts and solutions 
demonstrates flexibility; all of which are important aspects to consider for industrial scale-
up. Therefore, the overall objective of this thesis was to further develop and optimize the 
centrifugal spinning process to generate novel multifunctional fibrous materials ultimately 
establishing process-structure-property relationships.  
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In addition to conventional melt state and solution state processing, a new fiber 
fabrication method involving simultaneous centrifugal spinning and light initiated 
polymerization will be introduced. The concept of simultaneous fiber spinning and photo-
polymerization of reactive liquid monomers not only is novel, but also presents a potential 
route for green manufacturing of high performance fibers by reducing and even eliminating 
the use of both solvent and heat. Chapter 2 describes this reactive centrifugal spinning 
method in detail and offers fundamental understanding of the underlying physics that 
govern fiber formation and fiber morphology, while Chapter 3 presents crucial parameters 
that determine the fiber diameter in this process. These findings not only offer qualitative 
understanding, but also serve as predictive guidance for reactive mixture formulation and 
process optimization. Leveraging this knowledge, we develop new reactive monomer 
mixtures containing high amounts of inorganic content in Chapter 4, in hopes to diversify 
the accessible material profile and enhance the thermal and mechanical properties of the 
final fibers.  
The second part of the dissertation focuses on optimizing melt state processing of 
high performance materials that are not easily processed into fibers. In Chapter 5 to 7, we 
describe the melt state centrifugal spinning of three high performance materials with 
distinct properties, poly(butylene terephthalate), tin fluorophosphate glass, and a 
commercial liquid crystalline polymer known as Vectra A950. In addition to optimizing 
the processing conditions, the properties of the resultant fibers are characterized to establish 
the process-structure-property relationships. Lastly, Chapter 8 provides a brief outlook on 
the future of centrifugal spinning and several future research directions suggested by the 
research in this thesis.  
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Chapter 2: Controlling Characteristic Timescales and Fiber 
Morphology in Simultaneous Centrifugal Spinning and 
Photopolymerization1 
2.1 INTRODUCTION 
2.1.1 Synthetic and natural fiber spinning methods 
As discussed in Chapter 1, despite the significant advancements in fiber spinning 
technology for many practical applications of fibrous materials, the production of 
microfibers and nanofibers from high performance materials still remains a challenge and 
is an active area of research. Currently, all synthetic fiber spinning methods involve 
transforming a pre-formed polymer into a liquid by either the application of heat or the 
addition of solvent, followed by applying an extensional drawing force to draw the liquid 
into fibers. The fibers later solidify by sufficient cooling or solvent evaporation. Melt state 
processing, although simple and convenient, requires significant thermal energy input and 
has its upper processing limit constrained by the degradation temperature of the material. 
On the other hand, solution state processing is versatile, but suffers from issues such as 
solvent recovery/recycling, safety of volatile/flammable solvents, and low process 
throughput, all of which present significant challenges for industrial scale up and 
commercial viability.  
Conversely, nature has evolved and engineered benign ways to produce silk fibers 
with outstanding performance. For example, the dragline silk of certain spiders can be 
stronger than steel (by weight) and elastic like rubber bands.1 In addition, spiders can 
produce up to seven different kinds of silk for their daily functions such as prey capture, 
                                                 
1This chapter is adapted from “Manipulating characteristic timescales and fiber morphology in simultaneous 
centrifugal spinning and photopolymerization” published in Polymer (2015). Yichen Fang was responsible 
for design of experiments, data collection and analysis; Austin R. Dulaney conducted part of fiber spinning 
experiments and SEM analysis; Jesse Gadley and Prof. Joao Maia collaborated with us on CaBER 
measurements; Prof. Ellison provided overall guidance for this project.  
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web construction, and reproduction by varying silk composition and spinning conditions 
(speed, temperature, humidity, etc.).2-3 Viewed broadly, nature’s approach of producing 
fibers involves chemically linking small functional building blocks (proteins) into 
oligomers and then fibrous structures as the silk is extruded from the spinning duct of the 
spider.2, 4 This is conceptually different from the synthetic fiber spinning methods 
discussed above, and does not require heat or organic solvent.  
Inspired by nature’s approach, our group developed a new fiber spinning approach 
by extruding small reactive molecules and simultaneously polymerizing them into solid 
fibers. One of the challenges is to identify a suitable chemistry where the reactions between 
small molecules match the extrusion speeds of typical fiber spinning methods (tens to 
hundreds of meters per second). One promising chemistry that we have identified is UV 
initiated thiol-ene polymerization, for reasons which will be outlined in the following 
section.  
2.1.2 UV initiated thiol-ene chemistry 
Thiol-ene chemistry was first reported in the early 1900’s,5-6 and it has gained 
revitalized interest in the past two decades for the use in conventional applications such as 
coatings,7 adhesives.8 It has also gained traction in emerging applications such as dental 
restorative materials,9 extracellular matrices,10 gas transport membranes,11 and high 
resolution lithography.12 Thiol-ene photopolymerization is a type of “click” chemistry, 
where a radical polymerization is initiated upon exposure to a suitable light source. It is 
versatile in that almost any type of “thiol”, a monomer that contains sulfur, and “ene”, a 
monomer that contains a double bond, can participate. The general reaction scheme is 
shown in Figure 2.1.13 The photoinitiator generates one or two radicals when irradiated by 
UV light and each abstracts a hydrogen atom from thiol, forming a thiyl radical. The thiyl 
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radical reacts with the ene monomer to generate a carbon centered radical, which then 
reacts with another thiol, reforming the thiyl radical, and propagation/chain transfer thus 
proceeds in an ideal step-growth manner. Some ene monomers such as acrylates and 
methacrylates also undergo homopolymerization, in which the carbon radical can react 
with either another ene monomer or a thiol. The polymerization in this case is considered 
a mixed step-growth chain-growth polymerization. Termination occurs via the coupling of 
any two radical species.13 
 
Figure 2.1: General thiol-ene photopolymerization mechanism. Reprinted with 
permission from Ref. [13]. Copyright © 2004 Wiley Periodicals, Inc. 
Thiol-ene chemistry is robust in ambient conditions, because the presence of thiol 
in the range of 1-10 wt%  is sufficient to suppress oxygen inhibition, which is a critical 
problem in the traditional homopolymerization of acrylates or methacrylates 14-15. The UV 
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light mediated reaction offers spatial control so that polymerization occurs only outside the 
spinneret where light is present to initiate photopolymerization; this feature could be 
difficult to achieve by thermally initiated polymerizations. In addition, the diversity of thiol 
and ene monomers (functional groups, functionality, backbone structure, formulation, etc.) 
that are already commercially available from the coatings and adhesives industries presents 
substantial opportunities for fabrication of functional fibers with highly tailorable 
properties.  
2.1.3 UV-reactive fiber spinning   
 The integration of in-situ photo-crosslinking reactions with fiber formation has 
been previously reported by several research groups.  Notably, Boyd and coworkers 
fabricated thiol-ene and thiol-yne fibers using hydrodynamic shaping in microfluidic 
channels.16 In other studies, an extra step of thermal polymerization to convert a fraction 
of the monomers into prepolymers prior to electrospinning or the incorporation of a high 
molecular weight (MW) polymer in significant amounts was necessary to produce 
crosslinked fibers due to the typical slow reaction kinetics.17-19 Most of these studies only 
reported the chemical formulations and processing conditions that generated fibers, but did 
not address the many other factors that impact fiber formation and fiber morphology. In 
addition, the reported conditions usually do not reflect the entire operating space or the 
extent of tunability of the methods.  
Recently, our group demonstrated a new method for fabricating nonwoven fibers 
directly from non-volatile liquid monomer mixtures instead of from polymer solutions or 
polymer melts,20 thereby foregoing the use of solvent and heat altogether. In this method, 
a mixture containing monomers and a photoinitiator was simultaneously electrospun and 
photopolymerized via UV initiated thiol-ene chemistry to produce solid fibers in ambient 
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conditions. A schematic diagram of the electrospinning apparatus with a UV light source 
is shown in Figure 2.2.20 The method was also made even greener by replacing more than 
50 wt% of petroleum based monomer with a bio-renewable soybean oil derived monomer 
without sacrificing the final fiber quality.21 Despite the very limited curing time during the 
fiber spinning process, the fibers made by this method contained a highly crosslinked 
network, which imparted high thermal stability, chemical resistance, and mechanical 
strength to the resulting fibers.20 Owing to the versatility of thiol-ene chemistry, fibers with 
drastically different mechanical, thermal, and network structural properties can also be 
fabricated by incorporating monomers with different chemical structures.22  
 
Figure 2.2: Schematic representation of electrospinning equipped with UV light source 
for in-situ photopolymerization during fiber spinning. Reprinted with 
permission from Ref. [20]. Copyright © 2011 American Chemical Society. 
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2.1.4 Objective 
Although thiol-ene chemistry has been successfully implemented into solventless 
electrospinning and fibers with various properties were fabricated,20-21, 23 one major 
challenge that we must address in order to achieve widespread acceptance is the low 
process throughput due to the limited drawing force provided by the high voltage electric 
field in electrospinning. Therefore, the first objective in this study is to integrate thiol-ene 
photopolymerization with a bench-scale centrifugal spinning apparatus, because the 
intrinsically larger fiber drawing force and higher throughput of centrifugal spinning 
constitute significant advantages over electrospinning. The successful integration of thiol-
ene chemistry and centrifugal spinning will demonstrate not only the scale-up potential but 
also the universality of this bio-inspired fiber spinning concept. 
Second, controlling fiber formation and morphology has long been the subject of 
research for the more commonly studied fiber spinning techniques, since fiber diameter, 
quality and morphology ultimately determine fiber mat properties24-26 and in turn the end 
use of the fibers. The incorporation of in-situ photopolymerization is a unique feature in 
this fiber spinning method, and therefore the role of reaction kinetics on fiber formation 
and morphology represents a new research area for fundamental study. However, to date, 
a systematic and fundamental examination of the important parameters and underlying 
physics that govern fiber formation and fiber morphology in simultaneous 
photopolymerization and fiber spinning is still lacking. Therefore, this will be the second 
objective of the present chapter.  
In this photopolymerization process, the principle parameters that govern fiber 
formation and morphology include: reaction parameters through the stoichiometric ratio of 
thiol to ene groups, monomer functionality and reactivity, light intensity, and photoinitiator 
content; viscoelastic parameters such as viscosity and elasticity; and process parameters 
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including spin speed, orifice diameter, and the location and width of the UV illuminated 
region. These three categories of parameters form a convoluted and in some cases 
interactive set of variables, making it challenging to study the effect of each variable in 
isolation. For example, a penta-functional acrylate monomer is different from a tetra-
functional acrylate in terms of both monomer functionality and viscosity.  
To overcome this complication, we examined the characteristic timescales related 
to these categories: namely those of the reaction kinetics, viscoelastic response, and the 
orifice-to-collector processing time. By carefully selecting variables that are associated 
with only one of the aforementioned timescales, the morphology of the photopolymerized 
fibers could be finely tuned while keeping all other parameters constant. In this study, the 
light intensity, the concentration of an elasticity modifier, and the spin speed of the 
spinneret were varied systematically to change the reaction kinetics, the viscoelastic 
response, and the processing time, respectively. The morphological appearances of the 
resulting fibers, ranging from beads, beads-on-string, uniform fibers, fused fibers, to well 
cured fibers, were characterized using scanning electron microscopy (SEM), while the 
timescales were measured experimentally by a variety of characterization methods as 
described in detail in later sections. The morphological appearance and associated 
timescales for each condition were superimposed to construct an operating diagram.  
These experiments and the resulting operating diagram elucidated the role of each 
timescale as well as the intricate interplay between the timescales and their effects on the 
formation and morphological evolution of the fibers. Leveraging this fundamental 
knowledge, we hope the process could be readily adapted to include many different 
monomer chemistries to produce a diverse profile of fibers, and implemented within other 
industrial fiber production technologies for widespread use in manufacturing. 
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2.2 EXPERIMENTAL 
2.2.1 Materials and monomer mixture preparation 
Dipentaerythritol pentaacrylate (5A) was provided by Sartomer USA. 
Pentaerythritol tetrakis (3-mercaptopropionate) (4T) was purchased from Sigma Aldrich. 
A commercially available photoinitiator, Irgacure 2100, was kindly provided by BASF 
Switzerland. Polyethylene oxide (PEO) with viscosity average molecular weight (MW) of 
106 g/mol and anhydrous ethyl acetate were obtained from Sigma Aldrich. Figure 2.3 
presents the ideal chemical structures of 5A, 4T, and Irgacure 2100. All chemicals were 
used as received. 
 
Figure 2.3: Chemical structures of (a) 5A, (b) 4T, and (c) Irgacure 2100.  
To impart elasticity to the monomer mixtures and prevent fiber jet breakup, trace 
amounts of PEO were included in the monomer mixture formulation. Because PEO did not 
readily dissolve in the monomer mixture at room temperature, an appropriate amount of 
PEO was first added to 4T at elevated temperature. PEO containing 4T was heated at 70 
oC for 18 hours to ensure complete dissolution. It is worth noting that prolonged heating of 
PEO/4T solution should be avoided, since oxidative degradation of PEO becomes 
significant at temperatures above the melting point of PEO, which results in reduced PEO 
MW27 and reduced elasticity of the PEO containing 4T. 
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The monomer mixture was prepared by mixing together 66 wt% 5A, 19 wt% 4T 
with appropriate amounts of PEO, 3 wt% Irgacure 2100, and 12 wt% ethyl acetate using a 
vortex mixer (Thermolyne 37600) in a room with no stray UV light to prevent pre-exposure 
that could initiate the polymerization prior to fiber spinning. This monomer mixture 
composition yielded an ene to thiol functional group molar ratio of 4:1. This stoichiometric 
ratio has been shown suitable for fiber spinning processes by providing both sufficient 
polymerization kinetics and reducing the oxygen inhibition effect due to the presence of 
thiol.20-22 It should be noted that under optimized centrifugal spinning conditions, defect-
free fibers have been spun from monomer mixtures with ene to thiol functional group molar 
ratios ranging from 3:1 to 8:1. 
 In addition, ethyl acetate was added as a diluent to reduce the viscosity of the 
monomer mixture which ensures sufficient monomer mix delivery through the spinneret 
orifices. Ethyl acetate can also be substituted by reactive monomers with low viscosity 
such as 1,6-hexanediol diacrylate and tri(ethylene glycol) divinyl ether, which can 
participate in the photopolymerization and thus incorporated into the fiber network. 
However, ethyl acetate was a preferred diluent in this study as it reduces the monomer mix 
viscosity without affecting the polymerization kinetics.  
2.2.2 Light design and centrifugal spinning 
A bench scale centrifugal ForcespinningTM apparatus (FibeRio Cyclone L-1000) 
was equipped with a custom made UV light source as shown in Figure 2.4. The light source 
arrangement included a power supply (Photon Technology International LPS-220), a lamp 
housing (Photon Technology International A1010) for a mercury short-arc lamp (Ushio 
USH-103D), and a UV transparent mirror (Edmund Optics) mounted at a 45 degree angle 
to reflect the light vertically onto the collector, casting an illumination spot 10 cm in 
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diameter. In this process, the monomer jets undergo simultaneous filament thinning and 
solidification through thiol-ene polymerization as they pass through this illuminated spot 
and deposit onto the stainless steel collector bars. 
The placement of the mirror and the illumination spot is important for fiber 
formation. In general, the edge of the illumination spot should be very close to the needle 
tips (spinneret orifices). If the illumination spot is too far away from the needle tips, the 
monomer jets dissipate completely into droplets by surface tension driven instabilities 
before reaching the light; conversely, if the illumination spot is too close, some UV light 
can be scattered inside the needle tip, curing the monomer mixture at the tip and clogging 
the spinneret orifices. When working with highly reactive (fast curing) or very viscous 
(slow delivery rate) monomer mixtures, one should consider moving the illumination spot 
slightly further away from the tip of the spinneret to prevent clogging of the spinneret. 
For fiber spinning, 2 mL of monomer mixture was loaded into the spinneret 
attached to two needle tips (210 mm inner diameter, 1.5 inch length) masked by tape, and 
spun at specified light and spin speed conditions. Finally, scanning electron microscopy 
(SEM, Hitachi S-5500) was used to characterize the fiber morphology. 
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Figure 2.4: (a) A schematic diagram and (b) a photograph of a UV light design adopted 
in centrifugal ForcespinningTM. Reprinted with permission from Ref. [28]. 
Copyright © 2015 Elsevier Ltd. 
2.2.3 Real time Fourier transform infra-red spectroscopy (RT-FTIR)  
RT-FTIR (Nicolet Magna-IR 550) was employed to determine the curing kinetics 
of the monomer mixture exposed at different light intensities. 15 µL of freshly prepared 
monomer mixture was dispensed by a micropipette and sandwiched between two NaCl 
windows to form a continuous film. This sample preparation protocol ensured the sample 
was thin enough for both UV (for initiating polymerization) and IR (for tracking 
polymerization kinetics) light to transmit through the film under conditions where ethyl 
acetate could not evaporate. A spot cure xenon lamp (Optical Building Blocks, OBB 
Scopelite 200) with a collimating lens was fixed at a distance of 10 cm from the sample. 
UV grade neutral density (ND) filters with optical densities (OD) of 0.3, 0.6, and 1.0 (Thor 
Lab) were used to adjust the light intensity output of the spot cure xenon lamp. The UV 
transmittance spectra of the ND filters used to adjust the light intensity output of the OBB 
xenon lamp are shown in Figure 2.5. 
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Figure 2.5: UV-Vis spectra of UV neutral density filters with optical densities of 0.3 (blue 
solid line), 0.6 (red solid line), and 1.0 (green solid line). The blue, red, and 
green dash lines represent 50%, 25%, and 10% UV transmittance, 
respectively, and are drawn to guide the eyes. Reprinted with permission from 
Ref. [28]. Copyright © 2015 Elsevier Ltd. 
However, the xenon lamp used in the RT-FTIR studies and the mercury arc lamp 
used in the fiber spinning runs have different spectral outputs and intrinsic light intensities. 
In order to accurately track the polymerization kinetics in the fiber spinning process, we 
define the effective light intensity, Ieff, to be the light intensity at wavelengths lower than 
435 nm, which is the absorbance range of the photoinitiator used in this study. Here we 
assume that only the light with such wavelengths can effectively excite the photoinitiator 
to generate radicals and that the light excitation efficiency in this wavelength range is 
100%.  
The following protocol was used to determine Ieff of the two light sources. A 435 
nm band pass filter (Thor lab) was used to measure the light intensity at wavelengths of 
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435 nm and above. The UV transmittance spectrum of the 435 nm band pass filter was 
measured by UV-Vis spectrophotometer and is presented in Figure 2.6. The absolute light 
intensity (Iabs) from the broadband light sources was measured by a radiometer (Coherent 
Field Max II) without any band pass filter, while the intensity of the light with wavelength 
above 435 nm (Iλ>435 measured) was measured by covering the radiometer sensor completely 
with the 435 nm band pass filter. However, because the 435 nm band pass filter absorbs 
10% of the light at wavelengths greater than 435 nm, Iλ>435 measured was then divided by 0.9 
to correct for this 10% absorption (Iλ>435 corrected). Ieff was then calculated by subtracting 
Iλ>435 corrected  from Iabs. The measured and calculated values of light intensities of the OBB 
xenon lamp and the mercury arc lamp are summarized in Table 2.1. It should be noted that 
the light intensity of the mercury arc lamp was adjusted by simply varying the voltage 
supplied to the arc lamp.  
 
Figure 2.6: UV-visible transmission spectrum of a 435 nm band pass filter. The dashed 
line represents 90% UV transmittance and is drawn to guide the eyes.  
Reprinted with permission from Ref. [28]. Copyright © 2015 Elsevier Ltd. 
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Table 2.1:  Light intensity values of the OBB xenon lamp used in RT-FTIR studies and 
the mercury arc lamp used in fiber spinning experiments. Reprinted with 
permission from Ref. [28]. Copyright © 2015 Elsevier Ltd.  
The light intensity of the xenon lamp was adjusted with ND filters. The absolute 
light intensity output (Iabs) with different ND filters was measured by placing a ND filter 
on top of the radiometer sensor; results of these experiments are shown in Table 2.2. Note 
that for the condition of OD 1.3 ND filter with OBB xenon lamp Aperture 4, Iabs was 
measured by placing both the OD 0.3 and OD 1.0 ND filters on top of the radiometer 
sensor. From Table 2.1, Ieff of the OBB xenon lamp is calculated to be 40.7% of Iabs. This 
value was used to then calculate the Ieff for each ND filter adjusted light intensity as shown 
in Table 2.2.  
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Table 2.2: Adjusted light intensity values of the OBB xenon lamp with ND filters. For 
this light source, Ieff is calculated to be 40.7% of Iabs. Reprinted with 
permission from Ref. [28]. Copyright © 2015 Elsevier Ltd. 
2.2.4 Capillary breakup extensional rheometer (CaBER) measurements 
The extensional properties of the monomer mixtures containing various amounts of 
PEO, ranging from 0 to 600 ppm, were measured by CaBER (Thermo Haake CaBER 1) 
equipped with 4 mm diameter plates. The filament diameter evolution with time was 
recorded by a laser micrometer at 1000 Hz. Five measurements were collected for each 
monomer mixture.                                                                                             
The density of the monomer mixture was determined to be 1.15 g/cm3 by measuring 
the weight of a known volume of the monomer mix. The surface tension was determined 
using an axisymmetric pendant droplet of the monomer mix with methods described 
previously.29 The droplet was held for 2 minutes to equilibrate before measurements were 
made. The droplet shape profile was fit according to the Young/Laplace equation with a 
software package (CAM200, KSV Ltd., Finland). The surface tension of the monomer 
mixture was measured to be 40.93 mN/m.  
The shear rheology of monomer mixtures containing the least and most amounts of 
PEO (0 ppm and 600 ppm, respectively) were measured by a shear rheometer (TA 
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instruments AR-2000 EX). Frequency sweeps were performed from 0.628 to 62.8 rad/s 
with 5% strain in the linear viscoelastic regime. The complex viscosities of the monomer 
mixtures are shown in Figure 2.7. The complex viscosities of the neat monomers, 5A and 
4T, are also plotted in the same figure for comparison. 
It should be noted that the monomer mixtures used in the CaBER analysis, viscosity 
measurement, as well as the density and surface tension characterizations contained no 
photoinitiator to simplify the measurements. It was assumed that such low loadings of 
photoinitiator in our studies did not alter the viscoelastic and physical properties of the 
monomer mix significantly.  
 
Figure 2.7: Complex viscosities of neat monomers (5A, 4T), and monomer mixtures 
containing 0 ppm and 600 ppm high MW PEO. Reprinted with permission 
from Ref. [28]. Copyright © 2015 Elsevier Ltd. 
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2.3 RESULTS AND DISCUSSION 
2.3.1 Fiber morphology evolved with light intensity and characterization of gel time 
In thiol-ene chemistry, the reaction kinetics can be manipulated in a number of 
ways. For instance, one can change the functionality of monomers, stoichiometric ratio of 
ene to thiol functional groups, or employ other ene functional groups with different 
reactivity. However, varying these parameters can also lead to changes in the 
viscoelasticity of the monomer mix and polymerization type (chain growth, step growth, 
mixed, etc.) that occur. In order to isolate a single independent variable, we chose instead 
to vary Ieff, which allowed tuning of the reaction kinetics while keeping monomer mix 
properties and other processing parameters constant.  
A series of 5A-4T monomer mixtures with containing 0.02 wt% PEO, 3 wt% 
Irgacure 2100, and 12 wt% ethyl acetate were processed at 2500 rpm and at various Ieff 
values ranging from 629 to 24 mW/cm2 by changing the voltage supplied to the mercury 
arc lamp light source. The resulting fibers are shown in Figure 2.8.  
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Figure 2.8: SEM images of fibers from monomer mixtures containing 200 ppm PEO, at 
spin speeds of 2500 rpm, and Ieff of (a) 629, (b) 571, (c) 403, (d) 305, (e) 259, 
(f) 195, (g) 115, (h) 38, and (i) 21 mW/cm2, respectively. All scale bars in this 
figure correspond to 25 µm. Reprinted with permission from Ref. [28]. 
Copyright © 2015 Elsevier Ltd. 
At high Ieff (Figure 2.8 a-c),  the fibers are uniform in diameter and well cured. 
As Ieff incrementally decreases to 305 mW/cm
2 (Figure 2.8 d), the fibers developed fused 
junctions, indicating that they are not fully cured when deposited onto the collector. As Ieff 
continues to decrease (Figure 2.8 e-h), the fibers also become increasingly less uniform in 
diameter. In this range of Ieff, the onset of surface tension driven Rayleigh instabilities 
occurs prior to solidification. Rayleigh instabilities result in necking along the fibers axis 
and cassociated periodic variations in fiber diameter. When Ieff drops below 21 mW/cm
2 
(Figure 2.8 i), the solidification via photopolymerization occurs so slowly that the 
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instability has caused complete breakup of filaments, depositing only droplets on the 
collector.   
 To quantitatively investigate how the photopolymerization kinetics evolve with 
light intensity and how the kinetics timescale relates to the instability growth timescale and 
the fiber spinning timescale, RT-FTIR studies were performed using the same spinning 
mixture at various light intensities. A useful way to describe the curing kinetics of a cross-
linked network is by its gel point, the point at which a continuous, cross-linked network is 
formed and the gel time (Tgel), the time for a monomer mixture to reach the gel point. 
According to the gelation theory developed by Bowman and coworkers, the gel point of a 
mixed chain growth and step growth cross-linked network such as the one under 
investigation in this report can be calculated using the equation below:21, 30   
2
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2 = 1 (Eq. 1) 
where r is the stoichiometric ratio of thiol to ene, fene and fSH are the functionality 
of ene and thiol monomer, respectively, pα is the gel point in terms of degree of acrylate 
conversion, and kCC/kCS is the ratio of the propagation constant for acrylate-acrylate 
reactions to the chain transfer constant of acrylate-thiol reactions, which has been 
previously reported to be around 1.5.21, 30-31 The gel point was calculated to be 2.2% for the 
acrylate double bond conversion. The double bond conversion over time was tracked by 
the reduction of the peak area of the acrylate group at 1636 cm-1.20-21, 32  
Figure 2.9 is a typical RT-FTIR kinetics curve of the monomer mixture, with time 
zero being the onset of the UV exposure. The inset shows the double bond conversion at 
longer times. Because the gel time of the monomer mixture occurs so fast that it nearly 
approaches the resolution of the instrument, directly interpolating gel time using a few data 
points does not yield very accurate or consistent results. Instead,  the conversion-time data 
was fit up to 20% conversion to a least squares fit linear equation as indicated by the solid 
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line in Figure 2.9, where polymerization rate is zeroth order with respect to acrylate double 
bonds33. The gel time was then calculated by using this linear fit equation. The 
polymerization kinetics at five different light intensities were measured and data were 
processed as described. The gel times were calculated according to Eq. 1 as values averaged 
between four independent RT-FTIR measurements at each Ieff. The results are presented in 
Figure 2.10. 
 
Figure 2.9: A representative polymerization kinetic curve of the monomer mix employed 
in this study. The inset shows the double bond conversion at longer times. Ieff 
for this particular run was 5.27 mW/cm2 and the gel time was calculated to be 
29.0 ms. Reprinted with permission from Ref. [28]. Copyright © 2015 
Elsevier Ltd. 
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Figure 2.10: Gel time of the monomer mix as a function of Ieff as obtained from 
polymerization kinetics. The dashed line represents the best fit line through 
all data points. The error bars indicate the standard deviation between four 
independent measurements at each Ieff. Reprinted with permission from Ref. 
[28]. Copyright © 2015 Elsevier Ltd. 
The gel times were plotted against (Ieff)
-1/2 because for a conventional free radical 
polymerization, the polymerization proceeds at a rate proportional to the -1/2 power of the 
initiation constant,34 while for a light initiated polymerization such as thiol-ene chemistry, 
the initiation constant is in turn linearly dependent on the light intensity.35 The correlation 
between the gel time and Ieff can thereby be obtained from the RT-FTIR studies as shown 
by the dashed line in Figure 2.10.  
Using this correlation, the gel times of monomer mixtures, exposed to various light 
intensities in the fiber spinning process, were calculated and presented in Figure 2.11 along 
with the corresponding fiber morphology. As Ieff decreases from 629 to 24 mW/cm
2, the 
gel time increases substantially. It was found that in this process, the reaction kinetics need 
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to be sufficiently fast with a gel time less than 2 ms for defect free fibers to form, as 
highlighted in the grey shaded region in Figure 2.11. 
It should be noted that the Ieff in the RT-FTIR studies ranged from 62 to 0.5 
mW/cm2, while the Ieff  in fiber spinning experiments were an order of magnitude higher, 
ranging from 629 to 21 mW/cm2. As a result, some of the gel time calculations for fiber 
spinning needed to be extrapolated using data presented in Figure 2.10. The Ieff in the RT-
FTIR studies was intentionally kept low because the polymerization kinetics timescale was 
approaching the instrument resolution limit. Further increasing the light intensity used in 
RT-FTIR studies leads to a large noise to signal ratio and inconsistent measurements of gel 
time. In addition, the excellent fit to the linear model with a residual value very close to 1 
suggests the validity of data extrapolated to higher light intensity.  
 
Figure 2.11: The gel times of the monomer mix processed at various light intensities. The 
corresponding fiber morphologies are superimposed on each data point. The 
shaded region represents the range of gel times of the monomer mix where 
defect free fiber mats can be produced. Reprinted with permission from Ref. 
[28]. Copyright © 2015 Elsevier Ltd. 
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2.3.2 Fiber morphology varied by elasticity and characterization of relaxation times 
Next, we discuss the role of elasticity imparted by the high MW PEO on fiber 
morphology. A series of six monomer mixtures containing 600, 200, 100, 50, 20, and 0 
ppm PEO were prepared and processed at a spin speed of 2500 rpm and Ieff of 571 mW/cm
2. 
Such a high Ieff ensures the rapid curing and solidification of the monomer jets and negates 
the kinetics contribution to morphological evolution in this section. Figure 2.12 shows the 
morphology of the fibers made from these monomer mixtures.  
 
Figure 2.12: SEM images of fibers made from monomer mixes containing (a) 600, (b) 200, 
(c) 100, (d) 50, (e) 20, and (f) 0 ppm PEO, respectively, at a spin speed of 
2500 rpm, and an Ieff of 571mW/cm
2. The scale bars in this figure correspond 
to 25 µm. Reprinted with permission from Ref. [28]. Copyright © 2015 
Elsevier Ltd. 
The fibers transitioned from smooth fiber, to non-uniform fiber, to beads-on-string, 
and finally to droplets, with decreasing PEO loading. These morphological transitions are 
similar to the ones caused by reducing Ieff as described in the previous section, but occur 
due to the decrease in monomer mix elasticity of the fluids. As shown in Figure 2.12 d-f, 
reducing PEO concentration to a point where the surface tension driven instabilities can no 
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longer be suppressed by elastic forces leads to many defects. It is worth noting that all fiber 
samples in this section contained no fibers with fused junctions, confirming that the 
polymerization kinetics are sufficiently fast. 
The extensional properties of the monomer mixtures containing various amounts of 
PEO can be quantified by their characteristic relaxation times. This timescale can be 
captured by the time evolution of filament diameter measured by CaBER. As shown in 
Figure 2.13, the decay of the filament diameter of five monomer mixtures containing PEO 
were numerically fit to the elastic fluid model using the following equation:36 
𝐷(𝑡) =  𝐷0 (
𝐷0𝐺
4𝜎
)
1
3
𝑒
−
𝑡
𝜆𝑐 (Eq. 2) 
where 𝐷(𝑡) is the time dependent filament diameter measured at the midpoint of the 
filament by the CaBER micrometer, 𝐷0 is the initial diameter of the filament, 𝐺 is the 
elastic modulus, 𝜎 the surface tension, and 𝜆𝑐 is the characteristic relaxation time of the 
monomer mixture. The characteristic relaxation times of the monomer mixtures were 
extracted by fitting the data to this model and are reported in Figure 2.14. The error bars 
in Figure 2.14 represent the standard deviations from five CaBER measurements for each 
monomer mixture.  
On the other hand, the decay of the filament diameter of the monomer mixture 
containing no PEO was best described by the Newtonian fluid model using the following 
equation:37-38  
𝐷(𝑡) =  0.1418 
𝜎
𝜂𝑠
(𝑡𝑐 − 𝑡)  (Eq. 3) 
where 𝑡𝑐 is the critical time to break up, and  𝜂𝑠 is the viscosity of the solvent, 
which is the viscosity of the entire monomer mix containing no PEO, measured to be 0.24 
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Pa-s by shear rheometry (TA instruments AR-2000 EX).  The excellent fit to the 
Newtonian fluid model is expected since the monomer mix was inelastic without PEO. 
 
Figure 2.13: Evolution of the midpoint filament diameter D(t) during filament thinning of 
monomer mixtures containing 600 ppm (), 200 ppm (), 100 ppm (□), 50 
ppm (○), 20 ppm (+), and 0 ppm () PEO, respectively. Solid lines are best 
fit lines to either the elastic fluid model (600 to 20 ppm PEO) or the 
Newtonian fluid model (0 ppm PEO). Reprinted with permission from Ref. 
[28]. Copyright © 2015 Elsevier Ltd. 
In Figure 2.14, the characteristic fluid relaxation times of the PEO containing 
monomer mixtures are plotted as a function of the PEO concentrations by weight. The 
dashed line represents the least squares power law fit to the data with an exponent of 0.486. 
Previously, the concentration dependence of relaxation times of unentangled semi-dilute 
polymer solutions has been established and empirically determined to follow a power law 
dependence. In this regime, the power law scaling exponent, equal to (2-3ν)/(3ν -1), is 
equal to 1 for a θ-solvent and around 0.31 for a good solvent. The symbol ν represents the 
excluded volume scaling parameter, which indicates the solvent quality for a polymer and 
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spans from 0.5 for a θ-solvent to 0.588 for a good solvent.39 This scaling law has been 
verified by several experiments with different semi-dilute polymer-solvent systems.40-42 
The good fit of our data to the power law equation with an exponent between 0.31 and 1 
confirms that the series of monomer mixtures with various PEO concentrations falls in the 
dilute unentangled polymer solution regime. In addition, the scaling exponent of 0.486 
from the fit in this study corresponds to ν = 0.558, which indicates that the monomer 
mixture is a fair solvent for PEO, but not as good as that of water, a commonly used solvent 
for PEO.43-45 Furthermore, the good fit in Figure 2.14 demonstrates that, although the 
monomer molecules used here are relatively large in size, they essentially behave like other 
conventional small molecule organic solvents for the dissolution of PEO. 
 
Figure 2.14: Relaxation time of monomer mixtures as a function of the concentration of 
PEO. The dashed line represents a least squares power law fit to the data. The 
error bars are standard deviations of five independent CaBER measurements. 
Reprinted with permission from Ref. [28]. Copyright © 2015 Elsevier Ltd. 
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In addition to fluid relaxation times, the apparent extensional viscosity (𝜂𝑎𝑝𝑝), of 
the monomer mixture as a function of Hencky strain (ε), can be calculated using the 
following equations:36  
𝜀 = 𝑙𝑛 (
𝐷(𝑡)
𝐷0
)  (Eq. 4) 
𝜂𝑎𝑝𝑝(𝜀) = −
𝜎
𝑑𝐷(𝑡)/𝑑𝑡
   (Eq. 5) 
In CaBER experiments, filament thinning is solely driven by surface tension, while 
in centrifugal spinning, it is driven by both inertia and surface tension. Despite the 
differences, this analysis still captures the viscoelastic response for an exponentially 
thinning filament. The results are presented in Figure 2.15. Expectedly, the monomer 
mixture containing no PEO behaves like a Newtonian fluid, and the apparent extensional 
viscosity is independent of Hencky strain, whereas the monomer mixtures containing PEO 
show a strain hardening effect, which becomes more prominent with increasing PEO 
concentration.  
𝜂𝑎𝑝𝑝 of the monomer mixture containing 200 ppm PEO (the typical PEO loading 
for the monomer mix) increases by almost two orders of magnitude over the range of 
Hencky strains accessible in CaBER studies, showing that adding a trace amount of high 
MW PEO can significantly enhance the extensional behavior of the monomer mixture. In 
contrast, the shear viscosities of the monomer mixtures containing 0 ppm and 600 ppm 
PEO were measured by a parallel plate rheometer to be 0.24 and 0.33 Pa-s, respectively 
(see Figure 2.7). The dramatic change in 𝜂𝑎𝑝𝑝 combined with the narrow range of the 
shear viscosity indicates that these monomer mixtures are typical Boger fluids, whose 
extensional properties can be tuned independently of their shear properties.46  A Boger 
fluid is commonly a dilute polymer solution with a viscous solvent,46 which in this study 
is a dilute PEO solution with a viscous thiol-ene monomer mixture.  
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Figure 2.15: Apparent extensional viscosities of the monomer mixtures containing 600 
ppm (), 200 ppm (), 100 ppm (□), 50 ppm (○), 20 ppm (+), and 0 ppm () 
of PEO. Reprinted with permission from Ref. [28]. Copyright © 2015 
Elsevier Ltd. 
The evolution of fiber morphology from uniform fiber, non-uniform fiber, beads-
on-string, and finally droplets depends on the balance between the viscous, elastic, inertial 
stresses, thinning due to centrifugal force and the capillary pressure inside the jet. In order 
to evaluate quantitatively the relative importance of each force, we introduce three 
dimensionless parameters: the Deborah number (De), Weissenberg number (Wi), and 
Ohnesorge number (Oh). De measures the ratio of the characteristic timescale of fluid 
relaxation to the timescale of Rayleigh inertio-capillary breakup, and is defined as 𝐷𝑒 =
𝜆𝑐/√𝜌𝑅3/𝜎 ,
37, 45 where R is the radius of the initial fluid jet (0.105 mm). Using the 
relaxation times obtained from the CaBER experiments, the calculated De numbers for 
monomer mixtures containing 20, 50, 100, 200, 600 ppm PEO are 3.8, 6.0, 7.3, 10.8, and 
20.6, respectively. For our system and process, uniform fiber formation requires the De to 
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be well above unity (De > 7.3), where fluid relaxation time is much greater than the 
Rayleigh instability timescale, and the onset of capillary breakup is completely suppressed 
by the elastic stresses. When Rayleigh instabilities are not completely suppressed 
(De < 7.3), significant beading in monomer jets is observed, leading to a beads-on-string 
morphology. If the elastic response is absent altogether, as in the case of the monomer mix 
containing no elasticity modifier, Rayleigh instabilities develop and the monomer jets 
readily dissipate into droplets upon exiting the spinneret. The fiber morphology developed 
with reducing De number is very similar to a study reported by Yu and coworkers on 
electrospinning PEO in water/PEG solutions.43 
On the other hand, Wi is defined as the ratio of the characteristic timescales of fluid 
relaxation to fiber thinning due to centrifugal force, and can be expressed as Wi =
𝜆𝑐Ω/√𝑅/𝑎, where Ω is the spin speed and a is the distance between the orifice and the 
spinning axis.47 Wi numbers for monomer mixtures containing 20, 50, 100, 200, 600 ppm 
PEO are 30.3, 46.9, 57.7, 84.8, and 162.4, respectively. The transition from uniform fibers 
to beads-on-string or to bead formation occurs when Wi number falls below 46.9, again 
demonstrating the significance of elastic stresses for fiber formation. This correlation 
agrees well with a recent mechanistic study on solution state centrifugal spinning by Ren 
et al., where it was found for a variety of polymer-solvent systems and various processing 
conditions that fibers were formed when Wi numbers exceeded 28, while beads-on-string 
and beads were formed if Wi numbers fell below 28.47 These interesting similarities of 
fiber morphology development as a function of De and Wi suggest that, despite the drastic 
differences in fiber formation mechanisms, the conditions required to form a stable fluid 
jet and uniform fibers in this reactive fiber spinning method are comparable to that of a 
non-reactive fiber spinning method, provided sufficiently rapid curing kinetics. 
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In contrast, the Ohnesorge number relates viscous forces to inertial and surface 
tension forces, and is defined as 𝑂ℎ =  𝜂/√𝜌𝜎𝑅,37, 45 where 𝜂 is the viscosity of the 
monomer mixture. The Ohnesorge number is around 4 for all monomer mixtures, because 
the addition of PEO does not significantly influence the viscosity, density, and surface 
tension of the monomer mixtures. An Oh number greater than unity also implies that 
viscous stress is enough to stabilize the filament, again confirming that the morphological 
changes mainly arise as a result of changes in monomer mix elastic properties. 
2.3.3 Fiber morphology evolved with spin speed and estimation of flight time 
In addition to gel time and fluid relaxation time, the fiber jet flight time is another 
important time scale in this process because it dictates the available time for light exposure 
and photopolymerization of the monomer jet before it hits the collector. The monomer mix 
that makes good fibers at 2500 rpm (as shown in Figure 2.8 b) was also processed at 3500 
rpm and 4500 rpm using the same illumination condition, as shown in Figure 2.16. Fibers 
processed at 3500 rpm were well cured (Figure 2.16 a) while fibers spun at 4500 rpm were 
fused at their junctions (Figure 2.16 b). At 4500 rpm, the fibers did not have enough time 
to cure completely before depositing onto other fibers on the collector.  
 
Figure 2.16: SEM images of fibers at a spin speed of (a) 3500 rpm and (b, c) 4500 rpm. 
The monomer mix contains 3 wt% Irgacure 2100 in (a, b) and 5 wt% Irgacure 
2100 in (c). The PEO loading is 200 ppm and the Ieff is 571mW/cm
2 for all 
three runs. The scale bars in this figure correspond to 25 µm. Reprinted with 
permission from Ref. [28]. Copyright © 2015 Elsevier Ltd. 
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The flight time can be defined as the fiber flight distance divided by the fiber 
velocity. In centrifugal spinning, the fluid jet follows a spiral trajectory outward from the 
spinneret tip to the vertical collector bars, which depends on spin speed, solution viscosity 
and elasticity, ratio of length to diameter of the orifice and other process variables.48-50 In 
addition, the fiber velocity is not constant as the fluid jet attenuates in diameter.48 Both 
parameters are difficult to assess accurately by either empirical measurement or theoretical 
calculation. In this study, the flight time is estimated by using the diameter of the 
illuminated beam spot on the circular collector (10 cm) as the flight distance and the linear 
velocity of the tip of the spinneret as the fiber velocity. Although the fiber does not travel 
in a linear fashion through the center of the illuminated region, this is the most 
straightforward estimate for this reactive fiber spinning process. The linear velocity of the 
spinneret tip can also be viewed as the initial velocity of the fiber as it exits the spinneret. 
The respective flight times of fiber jets processed at 2500, 3500, and 4500 rpm are 3.4, 2.4, 
and 1.9 ms. With all other conditions and material properties being the same, a minimum 
of 2.4 ms flight time was required to produce defect free fibers.  
However, flight time is meaningful only when it is placed in context with other 
timescales. For example, avoiding the formation of fused fibers can be achieved in several 
ways, such as increasing flight time by spinning at lower spin speeds as shown in Figure 
2.16 a and decreasing gel time by increasing reaction kinetics. Figure 2.16 c is an SEM 
image of fibers made at the exact same spinning and lighting condition as Figure 2.16 b, 
but with a monomer mix that contained 5 wt% of photoinitiator instead of 3 wt%. The 
higher loading of photoinitiator increases the curing speed, allowing the fiber jet to cure 
completely before deposition. This again exemplifies the complexity and the intertwined 
variables of this simultaneous fiber spinning and photopolymerization process. 
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2.3.4 Operating diagram describing the interactions of the three timescales 
The process conditions, the corresponding timescales, and fiber morphologies of 
the three fiber spinning tests conducted in this study are summarized in Table 2.3. Also 
presented are the ratio of fluid relaxation time (Trelax) to gel time (Tgel), and the ratio of 
flight time (Tflight) to Tgel. An operating diagram is constructed by plotting the ratios of 
timescales along with the fiber morphologies as shown in Figure 2.17. 
 
Table 2.3: A summary of fiber spinning conditions, related time scales, and fiber 
morphology.  The first row in each data set indicates the variable of interest 
and the other parameter values that were held constant in the experimental 
runs below the first row. Reprinted with permission from Ref. [28]. Copyright 
© 2015 Elsevier Ltd. 
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Figure 2.17: Operating diagram relating fluid relaxation time, gel time, and flight time in 
the reactive centrifugal fiber spinning process. , ○,  represent the fiber 
sample series made by varying Ieff, CPEO, and spin speed, respectively. 
Reprinted with permission from Ref. [28]. Copyright © 2015 Elsevier Ltd. 
 Despite the complexity of this multivariable process, the fiber morphology evolves 
as a result of the competition between three phenomena: the solidification by thiol-ene 
photopolymerization, the surface tension driven instability growth which can be 
suppressed by monomer mix elasticity, and the orifice-to-collector flight time, 
characterized by Tgel, Trelax, and Tflight, respectively. In Figure 2.17, the horizontal arrow 
indicates the threshold value for the formation of uniform fiber, whereas the vertical arrow 
indicates the threshold value for the formation of well cured fiber. Defect free fibers are 
formed when gel time is sufficiently small compared to both the fluid relaxation time and 
the flight time. When a mismatch of timescales occurs such that either one or both ratios 
fall below the threshold value, fiber defects such as uncured fibers, non-uniform fibers, or 
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a combination of the two develop. When timescales become significantly mismatched, 
fiber jets readily dissipate into droplets. 
2.4 CONCLUSION 
In this chapter, we have demonstrated the fabrication of fibers by simultaneous 
thiol-ene photopolymerization and centrifugal spinning an optimized formulation 
containing multifunctional thiol and ene monomers, photoinitiator, high MW PEO as a 
elasticity modifier, and ethyl acetate as a diluent. Fundamental understanding of conditions 
that lead to a variety of fiber morphologies, including droplets, beads-on-string, uniform 
fibers, fused fibers, and well cured fibers was developed by systematically varying three 
carefully chosen parameters: light intensity, PEO concentration, and spin speed, which 
independently affect the reaction kinetics, monomer mix viscoelasticity, and orifice-to-
collector flight time, respectively. To quantify these transitions further, the relevant 
timescales, namely the gel time, the characteristic relaxation time, and the fiber flight time, 
at each fiber spinning condition were measured, calculated and compared.  
An operating diagram was constructed by comparing ratios of the three timescale 
measurements at each fiber spinning condition, which explicitly illustrates that the fiber 
morphology is determined not only by the individual parameters of the process, but also 
by the interplay between them. Although there are numerous combinations of these 
parameters, the ultimate fiber morphology will always be governed by the relative speeds 
of solidification by photopolymerization, surface tension driven instability growth, and 
fiber deposition. Our qualitative understanding of the fundamental physics and quantitative 
operating diagram for controlling fiber formation and morphology can serve as a predictive 
guideline for the implementation of photopolymerization into other fiber spinning 
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processes and the fabrication of fibers with designed morphology and properties, which we 
will continue to discuss in the following chapters. 
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Chapter 3: A Comparative Study: Controlling Fiber Diameter and 
Diameter Distribution in Centrifugal Spinning of Photocurable 
Monomers and Polymeric Solutions2  
3.1 INTRODUCTION 
In Chapter 2, the integration of thiol-ene photopolymerization with centrifugal 
Forcespinning to fabricate crosslinked thermoset fibers was described. It focused on 
identifying process conditions for fabricating defect free fibers or developing fundamental 
understanding of the physics and mechanics of the reactive fiber formation process. In 
summary, a variety of fiber morphologies, such as droplets, beads-on-string, uniform 
fibers, fused fibers, and well cured fibers developed due to the interplay between reaction 
kinetics, monomer mixture viscoelasticity, and orifice-to-collector flight time. The 
morphological transitions of fibers were quantified by measuring the characteristic process 
timescales, namely gel time, fluid relaxation time, and fiber flight time. 
In addition to fiber morphology, the average fiber diameter and diameter 
distribution are important parameters for nonwovens because the size of the fiber primarily 
determines the specific surface area and pore size of the final nonwoven mat, properties 
that ultimately dictate suitability for end use applications. For example, numerous studies 
have found that fiber diameter has profound impact on cell proliferation and controlled 
drug release in scaffolds,1-3 and filtration properties of nonwoven membranes.4  
As surveyed in Chapter 1, there is a wealth of literature on controlling average fiber 
diameter by varying process parameters, material properties, fiber spinning 
instrumentation, etc., in conventional fiber spinning methods such as electrospinning, melt 
                                                 
2This chapter is adapted from “A comparative parameter study: controlling fiber diameter and diameter 
distribution in centrifugal spinning of photocurable monomers” published in Polymer (2016). Yichen Fang 
was responsible for design of experiments, data collection and analysis; Austin R. Dulaney conducted part 
of fiber spinning experiments and SEM analysis; Jesse Gadley and Prof. Joao Maia collaborated with us on 
CaBER measurements; Prof. Ellison provided overall guidance for this project. 
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spinning and melt blowing. Some of the general design and processing principles can be 
generalized to centrifugal spinning. For instance, the ‘spinnability’ of a polymer solution 
is a common topic in solution state fiber processing regardless of spinning method.5-8 
However, a special attribute of centrifugal spinning is that the centrifugal force determines 
both the feed material delivery rate through the orifices and the amount of drawing force 
to which the fiber jets are subjected. This is contrary to other fiber spinning methods, where 
the material delivery rate, often controlled by a syringe/piston pump or an extruder, and 
the fiber drawing force, governed by either the hot air flow rate in melt blowing or the 
applied voltage field in electrospinning, can be independently manipulated.  
Several studies have focused on the physics governing fiber initiation and 
attenuation in centrifugal spinning. Notably, Mellado et al. established a semi-empirical 
scaling framework for fiber radius as a function of viscosity, angular speed, distance to the 
collector, and radius of the orifice.9 Ren et al identified and analyzed key dimensionless 
groups such as Weissenberg number, Capillary number, and Ohnesorge number, that 
determine fiber morphology and diameter using a variety of polymer-solvent solutions.10 
Taghavi and Larson proposed a theoretical model that allows for determination of fiber 
velocity and diameter by balancing centrifugal, inertial, and viscous forces.11 Others have 
provided insight on the jet initiation stage and fiber flight trajectory using high speed 
photography.12-13  
There have been a number of studies on tuning the diameter distributions of fibers 
made by polymer-solvent solution9, 14-15 and melt state16 centrifugal spinning. Most of these 
studies concluded that the dominant parameters for controlling fiber diameter include 
polymer-solvent solution concentration, orifice diameter, spin speed, and processing 
temperature (melt state). It is expected that there will be intrinsic differences between 
reactive fiber processing and polymer-solvent solution or polymer melt centrifugal 
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spinning processes. First, the photopolymerizable feedstock used in the present reactive 
processing study contains mostly monomers with trace amounts of polymer to tailor the 
rheology; the total polymer concentration is too low to be in the semi-dilute entangled 
regime typically required for forming defect free fibers by solution spinning.17-19 As a 
result, the viscoelastic properties and the delivery and drawing of the monomer mixtures 
are very different from those of typical polymer-solvent solutions and melts. Second, the 
solidification mechanism in reactive centrifugal spinning is through photopolymerization, 
whereas in solution state spinning solidification it is driven by solvent evaporation and in 
melt state spinning it is crystallization or vitrification induced by sufficient cooling. It is 
apparent that the parameters influencing these mechanisms are different.  For these 
reasons, it is difficult to predict how the fiber diameter distribution can be manipulated in 
reactive centrifugal spinning simply based on previous solution or melt studies.  
Therefore, the primary objective of this paper is to investigate how the average fiber 
diameter and diameter distribution can be controlled by varying process and material 
parameters such as monomer feed viscoelasticity, orifice size and spin speed. This will not 
only demonstrate the tunability of the process, but will also shed light on the underlying 
physics of fiber thinning in reactive centrifugal spinning. Another area of focus will be to 
establish the lower limit in average fiber diameter that is attainable using this method. 
Smaller fibers close to and below one micron provide large surface area to volume ratios, 
and are light weight. The ability to produce small fibers is particularly attractive for a 
number of applications and this capability could further establish simultaneous centrifugal 
spinning and photopolymerization technology as a competitive alternative to existing 
approaches.  
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3.2 EXPERIMENTAL 
3.2.1 Materials 
Dipentaerythritol pentaacrylate (5A), pentaerythritol tetrakis (3-
mercaptopropionate) (4T), polyethylene oxide (PEO) with a viscosity average molecular 
weight (MW) of 106 g/mol, anhydrous ethyl acetate (EA), and formic acid (>88 wt%, 
reagent grade) were purchased from Sigma Aldrich. A commercial photoinitiator, Irgacure 
2100, was kindly provided by BASF. Polyamide 6 (PA6, Aegis H95ZI) was purchased 
from Honeywell Co. All chemicals were used as received.  
 3.2.2 Photocurable monomer mix preparation 
The photocurable monomer feed consists of ene functional monomer, thiol 
functional monomer with a trace amount of PEO, photoinitiator and EA. Previously, it had 
been demonstrated that the elasticity of the monomer mixture, imparted by the addition of 
high MW PEO, plays an important role in controlling fiber formation and morphology in 
the in-situ centrifugal spinning and photopolymerization process. It was determined that a 
minimum of 100 ppm high MW PEO was necessary to suppress surface tension driven 
instabilities to form uniform fibers, provided that photocuring kinetics and fiber 
solidification were sufficiently fast.20 In this study, dilute mixtures of high MW PEO in 
thiol monomer were prepared by dissolving appropriate amounts of PEO in 4T monomer 
at 70 oC for 18 hours. Unless otherwise specified, the stock concentration of PEO is 0.1 
wt% in 4T, which is equivalent to 180 – 210 ppm in the final photocurable monomer feed 
depending on the final proprotion of all components.  
The final monomer ene to thiol functional group molar ratio was kept constant at 4 
to 1 for all monomer mixes to provide sufficient curing kinetics and reduce the oxygen 
inhibition effect of acrylate polymerizations.21-22 The photoinitiator loading was kept 
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constant at 5 wt% of the overall monomer feed. In addition, various amounts of EA ranging 
from 0 - 18 wt% were added to adjust the final viscosities of the monomer feed. Although 
other reactive monomers with low viscosties such as 1, 6-hexanediol diacrylate can also be 
used,  EA was preferred in this study because it could adjust viscosity without 
significantly affecting the photopolymerization kinetics or gel point. 
The components were mixed in a scintillation vial using a vortex mixer 
(Thermolyne 37600) to make a homogeneous monomer feed mixture. The solution was 
then loaded into a syringe masked from room light, which was used to transfer the 
monomer mixture into the spinneret. The monomer mixture was prepared in a room that 
minimized stray UV light to prevent pre-exposure that could initiate photopolyerization 
prior to fiber spinning. 
3.2.3 Nylon-formic acid solution preparation 
As a comparison to reactive centrifugal spinning, various amounts of PA6 were 
added to formic acid to form solutions containing 71 to 83 wt% formic acid. Although 
polymer-solvent solutions are typically described in terms of the concentration of polymer, 
in this study these solutions were labeled by the wt% of the solvent in order to allow easier 
comparison with the photocurable monomer feed mixtures. The solution was gently stirred 
at room temperature overnight to ensure complete dissolution. The solution was loaded 
into a syringe, which was used to transfer the solution into the spinneret. 
3.2.4 Centrifugal spinning 
The in-situ centrifugal spinning and photopolymerization of the monomer feed 
mixture was performed using a lab scale Forcespinning apparatus (FibeRio Cyclone 
L1000) equipped with a custom UV light source comprised of a power supply, an igniter, 
a lamp housing (Photon Technology International LPS-220, LPS-221, LPS-A1010), a 
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Mercury short arc lamp (Osram HBO 103W/2), and a UV transparent reflective mirror 
(Edmund optics). A detailed description and schematic representation (Figure 2.3) of the 
light source design was presented previously in Chapter 2. The pre-mixed monomer feed 
was transferred to the spinneret by a masked syringe to prevent exposure to stray UV light. 
The spinneret holds about 2 mL of liquid and is cylindrical with two opposing orifices. 
Two Luer-lock blunt-tip needles 3.81 cm in length with different diameters (337 µm, 260 
µm, 210 µm) were connected to both sides of the spinneret, leading to a rotational radius 
of 11.6 cm. It should also be mentioned that in Section 3.3.4, Luer-lock blunt-tip needles 
of 2.54 cm in length and 159 µm in diameter were employed to fabricate fibers with smaller 
diameters, because a needle length of 3.81 cm was not available for this diameter. All 
photopolymerized fibers were formed at a constant light intensity of 1160 mW/cm2, 
measured by a radiometer (Coherent Field Max II) in the same plane as the orifice outlet, 
and a spin speed of 2500 rpm (unless otherwise specified in Section 3.3.2). For PA6-formic 
acid solution state centrifugal spinning, the spinning procedure was essentially identical to 
the aforementioned method, except no light source was used. The spin speed was held 
constant at 4500 rpm (unless otherwise specified in Section 3.3.2). 
3.2.5 Flow rate measurement 
The single orifice flow rates were measured by precisely weighing the spinneret 
containing the desired feed before and after the spinning process. The spin times ranged 
between 30 and 180 seconds to ensure accurate measurements of the flow rates. The spin 
time was determined to be long enough to minimize the effects of cycle initiation and 
termination, but short enough to prevent the spinneret from being starved of feed during 
the spinning cycle. This is important because in centrifugal spinning, the hydrostatic 
pressure of fluid inside the spinneret can influence the feed delivery rate through the 
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orifice.15 Therefore, to determine the change in flow rate as a function of spinning time, we 
conducted five consecutive fiber spinning runs of the same monomer mixture, each lasted 
one minute under identical conditions. The raw data are presented in Table 3.1. The total 
weight refers to the weight of the entire spinneret assembly, which includes the spinneret, 
the pair of Luer-lock blunt tip needles, and the monomer mixture inside the spinneret. In 
between each run, the total weight was measured and recorded. Note that the total weight 
after spinning is always slightly higher than the total weight before spinning on the 
subsequent run, because a new pair of Luer-lock blunt tip needles was used for each run, 
and there was monomer mixture left inside the discarded needles.    
The weight of a clean spinneret with two new Luer-lock blunt tip needles was 
measured to be 312.201 g. The monomer mixture flow rate was calculated by subtracting 
the total weight after spinning from the total weight before spinning. The weight of 
monomer mixture left inside the spinneret was calculated subtracting the weight of needles 
and spinneret from the total weight before spinning to extract the total flow rate through 
both orifices. After dividing by two orifices per spinneret, the per orifice flow rate is 
obtained. 
The average of the monomer mixture delivery rate between five consecutive runs 
is 0.113 ± 0.007 g/min, and there was no significant change in the monomer delivery rate 
as the fluid level inside spinneret and hydrostatic pressure decreases. Even when the 
spinneret is filled to 25% of its capacity, the solution delivery rate remains mostly constant. 
In addition, Mellado et al. also established a simple model to describe the fiber formation 
process of centrifugal spinning, and determined that the hydrostatic pressure is three orders 
of magnitude smaller than the centrifugal force at the orifice, and thus has negligible impact 
on jet initiation.9 Therefore, the duration of spinning is very unlikely to have an impact on 
the monomer mixture or polymer solution delivery rate, as long as effects of cycle initiation 
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and termination are minimized, and the spinneret is not starved of feed during the spinning 
cycle. 
 
Table 3.1: Monomer mixture delivery rate as a function of remaining fluid level inside 
the spinneret. Reprinted with permission from Ref. [23]. Copyright © 2016 
Elsevier Ltd. 
3.2.6 Material characterization 
Viscosities of feed materials were measured by a shear rheometer (TA instruments 
AR-2000 EX). Frequency sweeps were performed from 0.1 to 10 rad/s with 5% strain in 
the linear viscoelastic regime. Elasticities of the monomer mixtures were measured by a 
capillary breakup extensional rheometer (CaBER, Thermo Haake CaBER 1) equipped with 
parallel plates 4 mm in diameter. The laser micrometer of CaBER recorded the filament 
diameter evolution over time at 1000 Hz. Five measurements were taken for each monomer 
mixture. The time evolution of filament diameter was fit to an elastic fluid model to obtain 
the fluid relaxation time.24  
The density of the monomer mix was determined to be 1.15 g/cm3 by measuring 
the weight of a known volume of the solution. The surface tension was determined to be 
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40.93 mN/m using an axisymmetric pendant droplet of the monomer mix with methods 
described previously.25 To avoid curing of monomers in ambient light during 
measurement, photoinitiator was not added in the mixtures used for these characterizations.  
3.2.7 Fiber diameter characterization 
Fiber morphologies were examined by scanning electron microscopy (SEM, 
Hitachi S-5500). ImageJ (National Institutes of Health) was used to measure the diameters 
of the fibers. For every fiber sample, 15 to 20 SEM images were taken and more than 150 
counts of fibers were measured to provide a representative statistical analysis of fiber 
diameter. Fiber diameters were fit to log-normal distributions as previously described 26-27. 
3.2.8 Thermal characterization 
Thermogravimetric analysis (TGA, Mettler Toledo TGA/DSC 1) was used to 
determine the residual EA content in the fiber. TGA measurements were conducted 
immediately after fibers were fabricated. The fibers were heated to 1000 oC at 10 oC/minute 
in a Nitrogen atmosphere.  
3.3 RESULTS AND DISCUSSION 
3.3.1 Effect of viscosity and orifice diameter on average fiber diameter 
In this section, a spin speed of 2500 rpm was employed because it provided both a 
sufficient centrifugal force for fiber formation and adequate fiber flight time for 
solidification by photopolymerization. This allows access to a relatively wide processing 
window for testing a range of monomer feed viscosities and orifice diameters.  
Figure 3.1 displays the photographs of the entire fiber mats, while Figure 3.2 
displays collages of SEM images, in which fibers were formed using different orifices (337 
µm, 260 µm, or 210 µm) and monomer feed viscosities controlled by varying non-reactive 
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EA diluent between 0 and 18 wt%. Fiber mats containing large filaments (i.e., roughly 
equal to or greater than 10 µm in diameter), uniform and well cured fibers, and fibers with 
fused junctions were obtained. This matrix of conditions demonstrates that the fiber 
morphology can be manipulated by controlling either the viscosity or the orifice size 
independently, or tailoring them in concert. In the upcoming section, the effects of the two 
individual parameters and the interactions between them in defining the final fiber 
morphology and diameter distribution will be the focus. 
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Figure 3.1: SEM images of fibers made from monomer feeds containing various amounts 
of EA (ranging from 3 wt% to 18 wt%) and different orifice diameters (337 
µm, 260 µm, and 210 µm). The dark green background is 15 cm x 15 cm. 
Reprinted with permission from Ref. [23]. Copyright © 2016 Elsevier Ltd. 
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Figure 3.2: Representative SEM images of fibers made from monomer feeds containing 
various amounts of EA (ranging from 3 wt% to 18 wt%) and different orifice 
diameters (337 µm, 260 µm, and 210 µm). Images with green frames indicate 
conditions that formed defect free fibers, while images with red frames 
indicate conditions that formed fused fibers or unstretched fibers. The 100 µm 
scale bar applies to all images. Reprinted with permission from Ref. [23]. 
Copyright © 2016 Elsevier Ltd. 
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Figure 3.3: (a) Viscosities and (b) single orifice delivery rates of monomer feed mixtures 
containing various amounts of EA. Reprinted with permission from Ref. [23]. 
Copyright © 2016 Elsevier Ltd. 
The viscosities of the monomer feed mixtures containing different amounts of EA 
are shown in Figure 3.3 a, while the flow rates through the orifices at various spinning 
conditions (varying wt% EA and orifice diameter) are shown in Figure 3.3 b. It is expected 
that for any given monomer mixture, the flow rate is higher with increasing orifice 
diameter. It is also expected that the flow rate increases with increasing wt% EA (i.e., 
decreasing mixture viscosity) for any given orifice diameter. This can be rationalized by 
considering the viscous resistance to flow, which acts against the outwardly directed 
capillary force and centrifugal force as the monomer mixture travels along the narrow and 
long needle/capillary toward the orifice opening, is reduced for lower viscosities and larger 
orifices. It should also be noted that the effect of viscosity on flow rate is more profound 
for larger orifices, indicated by the steeper slope of the flow rate curve as orifice diameter 
increases from 210 µm to 337 µm. 
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Figure 3.4: Data of Figure 3.3 plotted as monomer mix flow rate versus inverse of its 
viscosity. The red, green, and purple areas correspond to a flow rate that is 
too low, close to optimal, and too high, respectively, to form continuous and 
defect-free fibers at this particular spin speed. The solid symbols represent 
conditions where defect free fibers were made, and open symbols represent 
conditions where the resultant fibers contained defects or no fiber could be 
made. The SEM images and photograph shows typical fiber morphologies in 
each regime. Reprinted with permission from Ref. [23]. Copyright © 2016 
Elsevier Ltd. 
In Figure 3.4, data from Figure 3.3 are replotted as flow rate versus the inverse of 
viscosity. The flow rates are clearly linearly proportional to the inverse of viscosity. This 
behavior (i.e., liquid flow through a long and narrow tube) is analogous to pressure driven 
capillary flow, where a liquid is forced through a capillary of known diameter under a fixed 
pressure drop and its flow rate is measured. The viscosity of the fluid can be described and 
measured by the following: 
𝛈 =  
∆𝐏𝐑𝟒
𝟖𝐐𝐋
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where η is the viscosity of the fluid, ΔP is the applied pressure drop, R and L are 
the radius and length of the capillary, and Q is the fluid flow rate through the capillary. In 
centrifugal spinning, the fluid flow through the needle capillary during the jet initiation 
stage is similar to that in pressure driven capillary flow, where the centrifugal force and the 
hydrodynamic pressure can be combined and considered as an effective pressure drop, ΔP. 
Although the above equation is appropriate for a Newtonian fluid in a capillary, the 
monomer mixtures in this case contain such low concentrations of polymer that they can 
essentially be considered near-Newtonian fluids for this analysis. Using this relationship, 
it is therefore expected that at the same spin speed and orifice diameter, the flow rate and 
the viscosity are inversely proportional to each other and this was the motivation for 
plotting Figure 3.4 in this manner.   
The final fiber morphologies corresponding to the data in Figure 3.4 can be 
categorized into three regimes. In the first regime shaded red in Figure 3.4 (also 
corresponds to the upper right corner in Figure 3.1 and 3.2), either no fiber was formed or 
the fiber mat contained significant amounts of large filaments around 10 µm in diameter 
or larger. Both scenarios are results of the monomer mixture being too viscous. In the first 
case, the centrifugal force was insufficient to overcome the capillary force and surface 
tension of the monomer mixture, and therefore very little monomer was delivered through 
the orifice. This can be confirmed by flow rates that were close to zero. In the latter 
scenario, the centrifugal force exceeded the surface tension and stretched the exiting 
monomer into filament jets, but failed to overcome the viscous and elastic stresses, which 
act to stabilize the filament and resist further jet thinning. As a result, the initial thick 
filament jet either remained attached to the spinneret orifice, indicated by the red circle in 
the lower left photograph of the spinneret in Figure 3.4, or was disengaged from the 
spinneret (possibly facilitated by the action of centrifugal forces) and deposited in the fiber 
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mat as shown in the upper left SEM micrograph in the same figure. These phenomena have 
been reported in other spinning methods previously, and such spinning mixtures have been 
commonly referred to in the literature as ‘having poor spinnabilty’ due to an excessively 
high viscosity.28-29 
In the shaded green region in Figure 3.4 (also corresponds to the center images in 
Figure 3.1 and 3.2), the fibers were relatively uniform and well cured. The monomer 
mixture viscosity was well-matched with the selected orifice size to provide moderate 
material delivery rate through the orifice. The randomness of the fiber orientations in the 
mat shown in the SEM image also suggests that fibers may have undergone a sufficient 
amount of whipping during processing and lay down on the collector. It is also worth noting 
that the optimal flow rates for this photocurable system are up to 100 g/hour per orifice, 
which is one to two orders of magnitude higher than most solution state bench-scale 
electrospinning conditions reported in the literature.19, 25, 29-30  
In the shaded blue region in Figure 3.4 (also corresponds to the left bottom corner 
images in Figure 3.1 and 3.2), the process becomes limited by the reaction kinetics; 
because fibers did not completely cure before being deposited onto the collector they form 
fused fibers. It is anticipated that the low viscosity and high flow rates in this regime also 
produce high fiber flight velocities leading to insufficient total flight time for the fibers to 
cure. In addition, the fibers that were produced in this regime appeared to be much more 
aligned along the spinning direction. This is an indication that the monomer jets exit the 
orifice with a high linear velocity along the orifice axis and are directly deposited onto the 
collector without whipping, unlike the more randomly oriented fibers in the green regime 
of Figure 3.4.  
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Figure 3.5: Average diameters of fibers made from monomer mixtures containing various 
amounts of EA and different orifice sizes as a function of inverse monomer 
mix viscosity. The blue, green, and orange tiles indicate the optimal viscosity 
range for orifice diameters of 337 µm, 260 µm, and 210 µm, respectively. The 
error bars represent the standard deviations of the fiber diameter distributions. 
Reprinted with permission from Ref. [23]. Copyright © 2016 Elsevier Ltd. 
Figure 3.5 shows the average diameters and standard deviations of fiber diameters 
produced from monomer mixtures with different viscosities and from three different orifice 
sizes. Average fiber diameter clearly increases with increasing orifice diameter. This is 
expected because more monomer can be delivered through a larger orifice while holding 
centrifugal force (i.e., correlated to spin speed) constant. Under conditions where there is 
a similar extent of drawing, the fibers with larger initial fiber diameters would also have 
larger final fiber diameters.  
There is an optimal viscosity window for each orifice size, labeled by the blue, 
green, and orange bars for orifices with 337 µm, 260 µm, and 210 µm diameters, 
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respectively. Further, the suitable monomer viscosity range is narrower for larger orifices, 
because the flow rates of liquids through larger orifices have a stronger dependence on 
viscosity, as demonstrated previously in Figure 3.4.  
In addition, Figure 3.5 shows that holding orifice size constant but increasing the 
amount of EA diluent increases fiber diameter. This is contrary to the common knowledge 
of polymer-solvent solution state spinning, regardless of whether the process is 
electrospinning, centrifugal spinning, or blow spinning, where increasing the amount of 
solvent or decreasing polymer concentration typically generates fibers with smaller 
diameters.14, 28, 31-33 As will be discussed shortly, this is most likely because a significant 
portion of fiber thinning during processing of a polymer-solvent solution (e.g., 70-95 wt% 
solvent) is due to solvent evaporation.  
Even more interestingly, the average fiber diameters of the three spinning series 
with different orifice diameters in Figure 3.5 collapse into a single master curve when 
plotted against flow rate as shown in Figure 3.6. This shows that when the spin speed was 
kept constant, fiber diameter can be practically determined by the flow rate, regardless of 
solution viscosity or orifice size. 
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Figure 3.6: Master curve of average fiber diameter plotted against flow rate made from 
monomer mixtures containing various amounts of EA and using different 
orifices. All runs were conducted at 2500 rpm. The error bars represent the 
standard deviations of the fiber diameter distributions. Reprinted with 
permission from Ref. [23]. Copyright © 2016 Elsevier Ltd. 
PA6-formic acid solutions with viscosities similar to the photocurable monomer 
mixtures were processed using centrifugal spinning to compare the factors affecting fiber 
diameter in the photocurable system to a conventional polymer-solvent solution system. 
The spin speed was kept at 4500 rpm to provide sufficient centrifugal force for drawing 
the PA6-formic acid solutions while maintaining a reasonably wide processing window 
that resulted in defect free fibers. The SEM images of fiber samples obtained from various 
spinning conditions are presented in Figure 3.7. The viscosity and flow rates 
measurements are shown in Figure 3.8 a and b, respectively.  
 
 73 
 
Figure 3.7: SEM images of PA6 fibers made from various concentrations of PA6-formic 
acid solutions and orifices with two different diameters. The scale bars in this 
figure represent 5 µm. Reprinted with permission from Ref. [23]. Copyright 
© 2016 Elsevier Ltd. 
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Figure 3.8: (a) Delivery rates of and (b) average diameters of fibers made from PA6-
formic acid solutions containing various amounts of formic acid and different 
orifice sizes as a function of inverse monomer mix viscosity. The error bars 
in (b) represent the standard deviation of the fiber diameter distribution. 
Reprinted with permission from Ref. [23]. Copyright © 2016 Elsevier Ltd. 
Figure 3.8 a shows that the delivery rates of PA6-formic acid solutions are linearly 
proportional to the inverse of solution viscosity. This behavior is analogous to pressure 
driven flow through a capillary. Further, as shown in Figure 3.8 b, average fiber diameter 
decreases with increasing formic acid content (or decreasing PA6 concentration) and 
decreasing viscosity. This trend is expected and has been previously reported in numerous 
conventional polymer-solvent solution spinning papers regardless of fiber spinning 
technique (electrospinning, free surface electrospinning, centrifugal spinning, etc.).17, 28, 32-
33 
Figure 3.9 shows the fiber diameter distributions of PA6 fibers processed from 
solutions with different viscosities using two different orifice diameters as a function of 
the flow rate.  Comparing Figure 3.6 and 3.9, two contrasting trends can be observed for 
(a) (b) 
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photocurable and solution state centrifugal spinning. First, as flow rate increases, the 
average fiber diameter increases for the photocurable system, but decreases for the PA6-
formic acid system. Second, the fiber diameters of the photocured fibers depend solely on 
the flow rate through the orifices, whereas the average fiber diameters of fibers processed 
from 210 um diameter orifices were three to four times smaller than those from 337 um 
diameter orifices at the same flow rate.  
 
Figure 3.9: Average fiber diameter produced from PA6-formic acid solutions (71-83 wt% 
formic acid, at increments of 3 wt%) plotted against flow rate. The error bars 
represent the standard deviations of the fiber diameter distributions. Reprinted 
with permission from Ref. [23]. Copyright © 2016 Elsevier Ltd. 
These trends can be mainly attributed to the fundamentally different fiber 
solidification mechanisms of the two systems. In the photocurable system, the 
solidification is mainly driven by photopolymerization. Although the monomer mixtures 
contain some solvent, the amount is small enough (<18 wt% as compared to 70-95 wt% 
used in typical solution state fiber processing) that the effect of solvent evaporation on fiber 
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diameter reduction is minimal. This is evidenced by the residual amounts of EA in the final 
fiber product, measured by TGA as shown in Figure 3.10.  
 
Figure 3.10: TGA traces of fiber mats made from monomer mixtures containing 9 wt% 
and 18 wt% EA. Reprinted with permission from Ref. [23]. Copyright © 2016 
Elsevier Ltd. 
TGA thermograms of fiber mats made from monomer mixtures with 9 wt% and 18 
wt% EA indicate that they had 5% and 9% weight loss below 200 oC, respectively. Such 
weight loss can be largely attributed to residual EA in the fibers, which can be removed by 
holding samples under vacuum overnight. This experiment also shows only approximately 
half of the diluent in the monomer mixture was evaporated during fiber spinning. Such a 
small amount of EA evaporation was clearly insufficient to account for any significant 
reductions in fiber diameter as observed here. Therefore, as EA content increases, the 
increase in monomer mix flow rate strongly dominates any filament thinning due to solvent 
evaporation, leading to an overall increase in final fiber diameter. For this reason, the 
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photocurable fiber process more closely resembles a melt state fiber process, where fiber 
diameters are strongly dependent on melt delivery rate and the ratio between material 
delivered through the orifice and fiber drawing force applied.16, 26, 34-35  
Alternatively, in polymer-solvent solution state fiber spinning, fiber solidifies 
following sufficient solvent evaporation. Solutions containing more solvent take longer to 
evaporate to a point that results in solidification, thereby rendering more time for the fluid 
jets to be drawn. In addition, solutions containing more solvent may undergo additional 
thinning due to reduced viscous stresses even before solvent evaporation takes place.14 In 
total, as solvent content increases, the enhanced thinning of fibers due to solvent 
evaporation and lower viscosity overwhelms the incremental increase of solution delivery 
rate as shown in Figure 3.8, generating smaller fibers. Numerous reports concerning 
centrifugal spinning or electrospinning of a variety of polymer-solvent systems have 
commented on polymer concentration as the most important process parameter on 
impacting fiber formation and fiber diameter distribution.17, 28, 36-38  
3.3.2 Effect of spin speed 
To investigate the impact of spin speed on fiber diameter and distribution, spin 
speed was varied from 1500 to 6500 rpm for photocurable monomer mixtures and from 
2500 to 10500 rpm for PA6-formic acid solutions. The diluent content was 12 wt% EA and 
80 wt% formic acid for the photocurable monomer mixture and the polymer-solvent 
solution, respectively. The orifice diameter was kept constant at 210 µm.   
Figure 3.11 shows SEM images of photocured fibers processed at various spin 
speeds from the same monomer mixture. Below 1500 rpm, no fiber was formed, because 
the centrifugal force did not sufficiently exceed the surface tension and capillary force of 
the exiting liquid at the orifice outlet, and no monomer was delivered through the orifices 
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as a result. From 1500 to 5500 rpm, fibers were produced without defects, indicating the 
centrifugal force at this spin speed is strong enough to consistently deliver solution through 
the orifices. This range of spin speeds also provides sufficient flight time for the fibers to 
cure completely.20 At 6500 rpm and above, the fibers passed through the UV exposed 
region too rapidly and did not completely solidify before being deposited onto the collector, 
forming fused fiber junctions.  
For comparison, PA6 solution containing 80 wt% formic acid was processed at spin 
speeds ranging from 2500 to 10500 rpm at increments of 2000 rpm. SEM images of the 
resulting samples revealed that fibers were free of defects in this operating window, and 
the images are presented in Figure 3.12.  
 
Figure 3.11: SEM images of photocured fibers made at various spin speeds ranging from 
1500 to 6500 rpm. The monomer mixture contained 64 wt% 5A, 19 wt% 4T, 
12 wt% EA, 5 wt% Irgacure 2100 and 190 ppm high MW PEO, and was 
processed from 210 µm diameter orifices. The 30 µm scale bar applies to all 
images in this figure. Reprinted with permission from Ref. [23]. Copyright © 
2016 Elsevier Ltd. 
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Figure 3.12: SEM images of PA6 nanofibers made at various spin speeds ranging from 
4500 to 10500 rpm. The polymer solution contained 20 wt% PA6 and 80 wt% 
formic acid. All scale bars in this figure represent 5 µm. Reprinted with 
permission from Ref. [23]. Copyright © 2016 Elsevier Ltd. 
Fiber diameter analysis was performed on all defect free fiber samples and the 
distributions were fit to a log normal function as previously described.26 Sample log normal 
fits to photocured fiber diameter distributions are also provided in Figure 3.13. For all fiber 
samples, the average and median of fiber diameters are nearly equal, indicating that the 
distribution of fibers produced by centrifugal spinning approximately follows a log-normal 
distribution. This is in good agreement with previous studies on solution or melt state 
centrifugal spinning.16, 26, 39 In this chapter, all fiber diameter distributions were fit to log-
normal functions in this manner. Flow rate measurements and parameters of log normal 
distribution fitting are summarized in Table 3.2 (photocurable) and Table 3.3 (PA6-formic 
acid).  
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Figure 3.13: Fiber diameter distributions of photocured fibers processed at spin speeds of 
(a) 1500, (b) 2500, (c) 3500, (d) 4500, and (e) 5500 rpm presented on 
logarithmic scales. The black lines show the respective best fit normal 
distribution to log(D). Reprinted with permission from Ref. [23]. Copyright 
© 2016 Elsevier Ltd. 
 
Table 3.2: Flow rates and fiber diameter distribution of photocured fibers made at 
various spin speeds. Reprinted with permission from Ref. [23]. Copyright © 
2016 Elsevier Ltd. 
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Table 3.3: Flow rates and fiber diameter distribution of PA6 fibers made at various spin 
speeds. Reprinted with permission from Ref. [23]. Copyright © 2016 Elsevier 
Ltd. 
Figure 3.14 and Figure 3.15 show the fit log-normal diameter distribution 
functions for photocurable and PA6-formic acid fibers, respectively, processed at various 
spin speeds. For both systems, although the material flow rate increases by over an order 
of magnitude over the range of spin speeds, the average fiber diameter increases 
consistently but still remains within one standard deviation. This can be understood as the 
result of two concurrent phenomena unique to centrifugal spinning. As spin speed 
increases, the centrifugal force delivers more material through the orifice, forming liquid 
jets with larger initial diameter which translates to a larger final diameter. On the other 
hand, the larger centrifugal force also enhances fiber thinning, leading to a smaller final 
fiber diameter. The coupled but opposite effects of material delivery and fiber drawing by 
centrifugal force eventually lead to only subtle changes in average fiber diameter. Similar 
trends in diameter progression as a function of spin speed have been previously observed 
by other researchers in both solution state and melt state centrifugal spinning.14-16, 28, 40  
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Figure 3.14: Fit log-normal distribution functions for photocured fibers processed at 
different spin speeds. Reprinted with permission from Ref. [23]. Copyright © 
2016 Elsevier Ltd. 
 
Figure 3.15: Fit log-normal distribution functions for PA6-formic acid based fibers 
processed at different spin speeds. Reprinted with permission from Ref. [23]. 
Copyright © 2016 Elsevier Ltd. 
 83 
It is also worth noting that as spin speed increases, the width of fiber diameter 
distribution increases for photocured fibers, but decreases for PA6-formic acid based fibers 
consistent with other polymeric fibers produced by solution state centrifugal spinning.14, 28 
SEM images in Figure 3.11 clearly show that thick fibers appear more frequently at higher 
spin speeds for the photocurable system. One possible conjecture is that at higher spin 
speeds, the monomer jets are first exposed to UV light earlier in their flight path and have 
less time to undergo thinning before photoreactions begin. However, it is presently difficult 
to definitively conclude the exact cause of this contrasting trend in the breadth of the fiber 
diameter distribution for these two systems. Unfortunately, there are not many existing 
studies to compare to because the majority report only the fiber morphology and average 
fiber diameter. 
3.3.3 Effect of elasticity 
In our previous report, it was shown that monomer mixture elasticity is crucial for 
fiber formation. Monomer mix elasticity, imparted by the addition of high MW PEO, helps 
stabilize liquid jets against surface tension driven Rayleigh instabilities and prevents 
formation of undesired morphologies such as fibers with non-uniform diameters, beads-
on-string and droplets.20 Others have also shown similar effects of elasticity in the 
formation of electrospun or melt blown fibers.39, 41  
Despite its crucial role in fiber formation, we found that monomer elasticity has 
minimal influence on fiber diameter distribution. Four monomer mixtures with the exact 
same monomer, photoinitiator and diluent content, but containing 100, 200, 400, and 600 
ppm of high MW PEO, were processed under the same conditions (spin speed = 2500 rpm, 
orifice diameter = 260 µm, light intensity = 1160 mW/cm2) by centrifugal spinning to form 
defect free fibers. Figure 3.16 a shows that average diameters of fibers processed from the 
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four solutions are statistically the same. This result is unexpected, because the monomer 
jets with higher elasticity should possess higher resistance against self-thinning forming 
larger final fibers, all other parameters equal.  
 
Figure 3.16: (a) Average diameter and (b) coefficient of variation of photocured fibers 
made from monomer mixtures containing 100, 200, 400, and 600 ppm high 
MW PEO. (c) Relaxation times of the monomer mixtures containing 100, 
200, and 600 ppm high MW PEO. Reprinted with permission from Ref. [23]. 
Copyright © 2016 Elsevier Ltd. 
This trend can be explained by the relative timescales of polymerization kinetics 
and self-thinning of monomer jets. As previously reported, gel time, the time it takes for 
the monomers to form an infinite network, is the relevant characteristic timescale of the 
polymerization kinetics.  For the 5A-4T system, the gel time is around 1 millisecond at 
the specified light intensity in this study.20 On the other hand, the fluid relaxation time is a 
timescale related to elasticity and it ranged between 30 and 100 milliseconds as shown in 
Figure 3.16 c. The dashed line indicates a power law fitting to the fluid relaxation times. 
The original CaBER data are presented in Figure 2.11. The polymerization timescale is 
one to two orders of magnitude smaller than the elasticity timescale, suggesting that 
monomer jets have very limited time to undergo thinning before solidification. Therefore, 
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the thinning behavior of monomer jets with different elasticities may not be drastically 
different during such a short timeframe. 
The coefficient of variance presented in Figure 3.16 b, which describes the 
normalized width of the log normal distribution, was calculated as previously reported.39 
There is only a 6% maximum difference in the coefficient of variation (CV) across the 
entire range of PEO content, with the minimum CV occurring at 400 ppm PEO. Such a 
small change in the CV may be simply attributed to the relatively small range of solution 
relaxation times in this study. For example, Tan et al. reported a decrease in the CV of melt 
blown fibers from 60% to 10% when the fluid relaxation times of a polymer melt increased 
over five orders of magnitude.39 Such a large range of elasticity is difficult to achieve in 
this system due to the limited solubility of PEO in 4T. Nonetheless, this analysis suggests 
that the optimal loading of PEO to achieve a narrow fiber distribution is around 400 ppm. 
3.3.4 Smallest and largest fibers achieved 
To demonstrate the tunability of this process, four representative samples with 
distinctive average fiber diameters and diameter distributions were fabricated by 
leveraging the results obtained from the previous sections and varying processing 
parameters such as the solution viscosity, orifice size, and spin speed. Figure 3.17 
compares the diameter distribution fit functions of the largest and smallest fibers. The 
process conditions and the fitting parameters are reported in Table 3.4, where µ and Xc are 
the measured and fit average of logarithmic diameter, σ and δ are the measured and fit 
standard deviation of logarithmic diameter, Med[log(d)] is the median of the fiber diameter 
distribution, and R2 is the coefficient of determination. The SEM images of the 
corresponding fiber samples from Figure 3.17 are presented in Figure 3.18. 
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Figure 3.17: Smallest and largest fibers made by simultaneous photopolymerization and 
centrifugal spinning. The four different samples clearly indicate the tunability 
of the process with regards to both average diameter and width of the diameter 
distribution. Reprinted with permission from Ref. [23]. Copyright © 2016 
Elsevier Ltd. 
 
Table 3.4: Process conditions and statistical analysis of the fiber diameter distributions 
for the smallest and largest thiol-ene fibers achieved in simultaneous 
photopolymerization and centrifugal spinning. Run numbers are correlated 
with Figure 3.17. Reprinted with permission from Ref. [23]. Copyright © 
2016 Elsevier Ltd. 
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Figure 3.18: SEM images of finest and largest thiol-ene fibers achieved in centrifugal 
spinning. All scale bars in this figure represent 15 µm. Reprinted with 
permission from Ref. [23]. Copyright © 2016 Elsevier Ltd. 
As shown in Figure 3.17 and Table 3.4, the average fiber diameter and the width 
of the diameter distribution can be manipulated essentially independently. The average 
fiber diameters in this demonstration span across an order of magnitude, highlighting the 
processability and tunability of this fabrication method. By optimizing process variables, 
we were able to obtain fibers with average diameters just above one micron, comparable 
with the smallest nonwoven fibers made commercially by melt blowing methods.26, 39, 42 In 
addition, it is worth noting that the smallest orifices used in this study are 0.15 mm in 
diameter, which are much larger than the orifices used in some studies that produce 
electrospun and melt blown submicron fibers.43-44  The use of exceedingly small orifices 
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is often considered difficult in industrial settings because of orifice clogging by foreign 
materials such as dust particles (typically tens of microns in diameter).  
3.4 CONCLUSIONS 
In this chapter, we have investigated parameters affecting fiber quality and final 
fiber diameters in the simultaneous centrifugal spinning and thiol-ene photopolymerization 
process. It was found that monomer mix viscosity and orifice diameter have significant 
impact on monomer delivery rate through the orifice which ultimately affects the final fiber 
diameter. Spin speed influences the width of diameter distribution but not the average fiber 
diameter, which can be attributed to the coupled but opposite effects of centrifugal force 
on solution delivery and fiber drawing. Monomer mixture elasticity has minimal effect on 
fiber diameter and distribution despite its crucial role in fiber formation. In addition, we 
observed that the dominating factors in determining final fiber diameter are solution 
delivery rate for centrifugal spinning of photocurable monomer mixtures, but concentration 
of polymer for centrifugal spinning of polymer-solvent solutions. We believe such 
differences originate from the different mechanisms of fiber solidification in the two fiber 
fabrication methods.  
Using parameters from this study, the average fiber diameter and the width of the 
distribution can be widely and independently tuned. The smallest photocured fibers 
fabricated in this study were approximately 1.5 µm in diameter, which is comparable to 
typical melt blown fibers. We believe the ability to precisely control fiber diameter 
distribution and fabricate fibers in the single-micron range demonstrates the potential of 
this technology as a scalable and tunable method for novel high performance fiber 
fabrication. 
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Chapter 4: Polyhedral Oligomeric Silsequioxane-Containing Thiol-Ene 
Fibers with Tunable Thermal and Mechanical Properties 
4.1 INTRODUCTION 
In the previous chapters, we demonstrated a robust and environmentally friendly 
fiber manufacturing approach combining UV initiated thiol-ene polymerization and 
centrifugal spinning. The mechanics and major parameters that govern fiber formation, 
fiber morphology, and fiber diameter distribution were investigated. These findings not 
only offered qualitative understanding but also served as quantitative predictive guidance 
for reactive mixture formulation and process optimization. 
Apart from significantly reducing and even eliminating the use of heat energy and 
organic solvent, one of the major advantages of this fiber spinning method is that the 
photopolymerization of multifunctional reactive thiol and ene moieties lead to highly 
crosslinked thermoset fibers. As a result, the fibers are typically thermally stable up to 350-
400 oC (i.e., dictated by degradation temperature) and are capable of maintaining their 
shape at even higher temperatures and in most organic solvents.1 This is difficult to achieve 
by other conventional fiber spinning technologies that produce thermoplastic fiber whose 
service temperature is limited by the glass transition temperature or melting temperature of 
the polymer. 
The rapid kinetics of thiol-ene photopolymerizations that can produce thermally 
stable crosslinked networks using a versatile profile of commercially available monomers 
from the coatings and adhesives industries has greatly facilitated its integration into other 
additive and continuous manufacturing approaches. In some cases, this strategy has 
enabled fabrication of polymer-derived ceramic functional materials. For instance, Reddy 
et al. used photolithographic processes and thiol-ene polymerization of siloxane containing 
monomers to fabricate polymer-derived ceramic microstructures,2 while Cramer et al. 
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investigated the polymerization kinetics of a similar thiol-ene mixture containing a ceramic 
precursor monomer.3 However, a detailed study of the thermomechanical properties of the 
resulting polymer-derived ceramic materials was not reported. Very recently, Eckel et al. 
utilized photopolymerization based 3D additive manufacturing techniques to fabricate 
geometrically complex polymer-derived ceramic structures. These materials are of interest 
for a wide range of applications that require materials fashioned into complex shapes 
coupled with thermal/environmental tolerance including thermal protection systems, 
porous burners, propulsion components, and microelectromechanical systems.4 
Inspired by these studies, we seek to further expand the profile of fibrous materials 
that can be formed by thiol-ene photopolymerizations to polymer-derived ceramic fibers 
by incorporating high performance reactive precursor monomers. One of the ideal 
candidates is polyhedral oligomeric silsesquioxanes (POSS), a class of inorganic-organic 
hybrid building blocks which consist of an inorganic core with one or more pendant organic 
groups. The rigid siloxane cage structure provides thermal stability and mechanical 
strength, while the versatile and tailorable pendant group functionalization can promote 
compatibilization with a palette of polymers.  
POSS materials have attracted much attention in recent years due to potential 
applications as reinforcement nanofillers, thermal stabilizers, and rheological modifiers 
that can improve thermomechanical properties of polymer matrices.5-7 However, several 
studies have also reported decreased mechanical performance due to a high degree of POSS 
aggregation and potential for reduced crystallization of the polymer matrix.8-10 To address 
the issue of POSS aggregation in host polymers, Milliman and others developed a 
framework based on Hansen solubility parameters to predict POSS-polymer matrix 
interactions which is a crucial aspect in controlling POSS dispersion.11-12  
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Besides polymer nanocomposites, POSS has also been demonstrated as an 
immobilization agent for metal and metal oxide nanoparticle catalysts in solution and solid 
states. For example, Naka and coworkers used amine-functionalized POSS as a linker to 
assemble spherical Palladium (Pd) nanoparticles in methanol,13 while Letant et al. 
demonstrated the catalytic activity of POSS stabilized Pd nanoparticles.14 Jefferson and 
coworkers successfully developed photocatalytic and self-cleaning coatings using POSS to 
disperse photocatalytic titania particles.15 Notably, Gardella et al. anchored Pd and Ti-
based catalysts on electrospun polymeric-POSS fibers and demonstrated the catalytic 
performance of these materials.16-17 However, the reported electrospun fibers contained 
only 5 wt% POSS, potentially to avoid POSS aggregation which can compromise fiber 
spinning when aggregates block spinneret orifices.    
Although many previous studies have focused on the use of POSS in bulk 
nanocomposite materials5, 9-10 or in coatings,15, 18-19 fibers have distinct advantages of being 
free-standing and possessing high surface area to mass ratios. POSS contained within 
elongated fibrillar structures could be very attractive given the ease of separation and 
recovery of fibrous materials from reagents and their higher catalytic activity by weight 
compared to spherical analogs. These features suggest the potential use of POSS fibers for 
catalysis applications. However, manufacturing fibers with high POSS content remains a 
challenge.  
Utilizing the robust photopolymerization-based fiber spinning platform as 
described in the previous chapters, here we report the simple and rapid fabrication of 
unique organic-inorganic hybrid crosslinked POSS fibers. Mixing POSS and thiol-ene 
molecules as monomeric liquids allows the incorporation of a large amount of POSS (up 
to 80 wt%), yet the mixture still maintains good miscibility. Further, a POSS molecule with 
appropriate reactive moieties allows chemical integration of the inorganic content into the 
 95 
thiol-ene network. Fibers were later thermally treated at different temperatures and 
subsequently characterized to investigate the connection between POSS content and 
processing protocols on network structure and thermomechanical properties. By 
optimizing the fiber processing conditions and the monomer mixture formulations, thiol-
ene fibers with 80 wt% POSS exhibited significantly enhanced thermal stability and 
mechanical properties compared to all organic thiol-ene analogs suggesting applications in 
harsh or high temperature environments.  
4.2 EXPERIMENTAL 
4.2.1 Materials 
Dipentaerythritol pentaacrylate (5A) and pentaerythritol tetrakis (3-
mercaptopropionate) (4T) were purchased from Sigma-Aldrich. Acrylo POSS cage 
mixture (P8A), an inorganic-organic hybrid POSS monomer with eight pendant acrylate 
functional groups, was purchased from Hybrid Plastics. Figure 4.1 shows the ideal 
chemical structures of the monomers used in this work. Irgacure 2100, a commercially 
available phosphine oxide based photoinitiator, was kindly donated by BASF Switzerland. 
High molecular weight (MW) polyethylene oxide (PEO) with a viscosity average MW of 
106 g/mol, and anhydrous ethyl acetate were purchased from Sigma Aldrich. All chemicals 
were used as received without further purification. 
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Figure 4.1: Chemical structures of (a) 5A, (b) P8A, and (c) 4T. 
4.2.2 Monomer mixture preparation  
Monomer mixtures used in this study contained various amounts of 5A, P8A, 4T, 
Irgacure 2100, PEO and ethyl acetate. The exact formulations of the monomer mixtures 
are presented in the results and discussion section. All components were added to a 
scintillation vial and mixed for 2 minutes using a vortex mixer (Thermolyne 37600). It was 
observed that the resulting monomer mixtures appeared clear and without phase separation, 
indicating homogeneity of the monomer mixture. The monomer mixture was then 
transferred into a masked syringe, which was used to load the monomer mix into the 
spinneret. The monomer mixtures were prepared in a room with no stray UV light to 
prevent polymerization prior to fiber spinning.  
As shown in the previous chapters and recent publications from our group,20 the 
elasticity of the monomer mixture plays a major role in suppressing surface tension driven 
instabilities or fiber jet breakup and is therefore essential for defect free fiber formation. In 
this study, 4T solution containing 0.1 wt% PEO (equivalent to 160 – 190 ppm PEO by 
weight of the entire monomer mixture) was used to impart elasticity to the monomer 
mixtures. This 4T stock solution was prepared by gently stirring PEO in 4T at 70 oC for 18 
hours. 
 97 
4.2.3 Centrifugal fiber spinning  
A bench scale Forcespinning apparatus (FibeRio Cyclone L-1000) was equipped 
with an in-house UV light source. The light source arrangement included an arc lamp 
power supply and igniter (Photon Technology International, PTI LPS-220 and LPS-221), 
a lamp housing with reflector (PTI LPS-A1010), a 100 W Mercury arc lamp (Ushio), and 
a UV transparent mirror (Edmund Optics) to reflect the light onto the collector. This light 
arrangement was described in detail previously20 and in Chapter 2.2.2.  
For all fiber spinning studies, each orifice of the 2-orifice rotating spinneret was 
attached to a blunt end Luer lock needle with a diameter of 260 µm and length of 1.5 inches. 
The spin speed was set to 1500 rpm to allow for sufficient flight time; the broadband light 
intensity was set to 1,100 mW/cm2 (determined using a Coherent Fieldmax TO radiometer) 
to provide rapid photopolymerization kinetics. Using this optimized processing condition, 
all monomer mixture formulations resulted in uniform and well-cured fibers. 
4.2.4 Rheology 
Complex viscosities of various monomer mixture formulations were measured by 
a rheometer (TA instruments, AR 2000) equipped with 40 mm Peltier plate fixture. 
Dynamic frequency sweep measurements were conducted at frequencies from 0.628 to 
62.8 rad/s with 5% strain. To avoid problems of curing due to exposure to ambient room 
light during these measurements, photoinitiator was not added to the monomer mixtures 
used in this rheology study.  
4.2.5 Thermal treatment  
Thermal treatments of fibers were performed in a tube furnace (Thermo Scientific 
Lindberg/Blue tube furnace) under Argon atmosphere. A fiber mat sample was scrolled 
and placed in a quartz boat inside the tube furnace. The tube furnace was first purged with 
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Argon for one hour. The furnace temperature was ramped from room temperature to the 
desired thermal treatment temperature (500 oC, 750 oC, or 1000 oC) at 1 oC/minute and held 
constant for 60 minutes. The furnace was then allowed to cool to room temperature. The 
weight and size of the fiber mats before and after thermal treatments were measured. 
4.2.6 Thermal characterization 
The thermal transitions of fibers were characterized by differential scanning 
calorimetry (DSC, Mettler Toledo DSC1). All heating and cooling cycles were conducted 
at a rate of 10 oC/minute under a Nitrogen atmosphere. A first heating cycle from 30 oC to 
70 oC was employed to remove any volatile compounds in the fiber network. The glass 
transition temperatures were obtained during the second heating cycle from 30 oC to 180 
oC. The thermal stability of the fibers was characterized by thermogravimetric analysis 
(TGA, Mettler Toledo TGA/DSC 1). The fibers were heated to 1000 oC at 10 oC/minute in 
a Nitrogen atmosphere. 
4.2.7 Acrylate conversion measurement 
Fourier transform infra-red spectroscopy (FTIR, Thermo Scientific Nicolet 6700) 
with a KBr beam splitter and a MCT-A detector was employed to determine the acrylate 
conversion of each monomer mixture after being processed into fibers. The acrylate content 
of the initial monomer mixture was measured in transmission mode. A droplet of monomer 
mixture was sandwiched between two NaCl windows to form a thin continuous film. To 
obtain accurate measurements, monomer mixtures were freshly prepared and analyzed 
within 15 minutes. The acrylate content of the as spun fiber was measured using attenuated 
total reflection-FTIR (ATR-FTIR) with a diamond ATR crystal accessory (PIKE 
MIRacle™).  
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The acrylate double bond content was calculated by the area of the acrylate 
absorption peak at 1630 cm-1 normalized by the area of the carbonyl absorption peak at 
1730 cm-1. The conversion of the acrylate groups was calculated as follows:  
% Conversion =  
𝐴0 − 𝐴𝑓𝑖𝑛𝑎𝑙
𝐴0
× 100 
where 𝐴0 is the normalized area of the acrylate absorption peak of the monomer 
mixture measured by transmission FTIR, and 𝐴𝑓𝑖𝑛𝑎𝑙 is the normalized area of the acrylate 
absorption peak of as-processed fibers measured by ATR-FTIR.  
4.2.8 Fiber imaging and diameter analysis 
Scanning electron microscopy (SEM, Hitachi S-5500) was used to characterize the 
morphology of the fibers. For every fiber sample, the fiber diameter, orientation and their 
respective distributions were determined by measuring the diameters of approximately 100 
fibers on 10 to 15 different SEM images using ImageJ (National Institutes of Health) 
software. 
4.2.9 Composition characterization 
The composition of fibers before and after different thermal treatments was 
analyzed by SEM (Hitachi S-5500) equipped with an energy dispersive spectrometer 
(EDS) detector (Bruker EDS Quantax 4010). SEM-EDS data were analyzed by Esprit 
software (Bruker). The instrumental errors of SEM-EDS analysis in terms of atomic % for 
Carbon (C), Oxygen (O), Silicon (Si), and Sulfur (S) were within 4.5%, 3.4%, 1.0%, and 
0.9%, respectively. For each condition, six SEM-EDS spectra and measurements were 
taken at different areas of the SEM sample to accurately characterize the elemental 
composition of the fibers.  
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4.2.10 Tensile testing 
The mechanical properties of the fiber mat were measured by a dynamic 
mechanical analyzer (DMA, TA instruments Q800). Because the mechanical performance 
of fiber mats were normalized based on the total cross-sectional area occupied by fiber 
excluding void space, the thickness and porosity of fiber mats must be obtained. The 
thickness of fiber mats with known widths and lengths were measured according to ASTM 
D5729. The volume of a fiber mat was calculated from the measured dimensions, while 
the mass of the fiber mat sample was measured by an analytical balance. The density of 
the fiber mats can be thereby determined. 
To determine the density of the bulk material, film samples were made from the 
same monomer mixtures used for fiber spinning. The density of the bulk samples were 
measured by an analytical balance (Mettler Toledo, Excellence Plus XP/XS) equipped with 
a density determination kit. The densities of the three formulations were measured to be 
1.309 ± 0.003, 1.311 ± 0.005, 1.324 ± 0.004 g/cm3 for 100/0, 60/40, 20/80 5A/P8A 
samples, respectively. The porosity of the fiber mats can then be calculated using the 
following equation: 
% Porosity =  (1 −
𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑚𝑎𝑡
𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑏𝑢𝑙𝑘
) × 100% 
The porosity of fiber mats in this study ranged from 87.3% to 90.4%. To prepare 
samples for tensile testing, fiber mats of known porosity and thickness were cut into 
rectangles 15 mm in length x 2 mm in width along their machine directions. Then, a 
mounting window was prepared by cutting a 10 mm x 10 mm square in the center of a 
cardboard template. The fiber sample was then secured across the window using two part 
epoxy glue. The mounting window with the fiber sample was placed in the tensile film 
grips of the DMA. The two sides of the mounting window were cut, leaving only the fiber 
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mat sample between the grips. This mounting technique successfully reduced the 
probability of breaking the sample at the grip due to stress concentration as well as slipping 
of the fiber sample from the grip. Stress-strain tests on fiber mats were conducted at 
ambient conditions with a displacement of 10 mm/minute and a 0.01 N preload force. 
To measure the mechanical properties of as-processed single fibers, the single 
fibers were first carefully pulled out from as-processed fiber mats. The sample preparation 
and DMA measurement of single fibers was similar to that of fiber mats, except that a 
0.005 N preload force was used in the case of the single fiber DMA measurement.  
4.3 RESULTS AND DISCUSSION 
4.3.1 Monomer mixture formulations 
To investigate the influence of inorganic-organic hybrid POSS molecules 
incorporated into an organic thiol-ene network, three monomer mixtures containing 
different amounts of P8A were made as shown in Table 4.1. The numbers in the 
abbreviations indicate the wt% of 5A and P8A out of all ene monomers. For example, 
20/80 5A/P8A indicates that 20 wt% ene monomers are 5A and 80 wt% ene monomers are 
P8A, and the two ene monomers combined to constitute 69.8 wt% of the entire monomer 
mixture. 
 
Table 4.1: Chemical compositions of monomer mixtures to produce inorganic-organic 
hybrid thiol-ene crosslinked fibers. 
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In these three formulations, the total molar ratio of ene to thiol was kept constant at 
4:1 to provide optimal photopolymerization kinetics as demonstrated in several previous 
studies.20-21 Incorporating small amounts of thiol in the monomer mixture is sufficient to 
alleviate issues associated with an oxygen inhibition induction time that commonly plagues 
conventional (meth)acrylate free radical polymerizations.22-23 The photoinitiator content 
was kept constant at 6 wt% to promote a rapid and consistent initiation rate for forming 
defect free solid fibers.  
Ethyl acetate was added as a diluent to reduce the viscosity of the monomer mixture 
to facilitate sufficient solution delivery through the spinning spinneret orifices. The ethyl 
acetate content was adjusted for each formulation to produce similar viscosities for all 
monomer mixtures. Monomer mixture viscosity is a crucial parameter because it is 
inversely proportional to flow rate though the orifice which in turn predominantly 
determines the average fiber diameter and diameter distribution.24 Furthermore, for 
solution state centrifugal spinning it has been reported that fiber flight paths as well as fiber 
orientation within the fiber mat are highly dependent on the polymer concentration and 
viscosity of the solution.25 In this study, we targeted fiber mats with similar diameter 
distributions and fiber orientations in order to make fair comparisons in the following 
mechanical property studies. The complex viscosities of all monomer mixtures were 
adjusted to around 0.3 Pa-s for all formulations and the rheology data are shown in Figure 
4.2.  
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Figure 4.2: Complex viscosities of 100/0, 60/40, and 20/80 5A/P8A monomer mixtures.  
As expected, the average fiber diameters of the as-processed fibers were similar, 
and measured to be 11.3 ± 2.7, 14.3 ± 3.5, and 13.8 ± 3.8 µm for 100/0, 60/40, and 20/80 
5A/P8A fibers, respectively. The orientation of fibers within the mat, as shown in Figure 
4.3, was found to be similar across fiber samples prepared from the different formulations. 
The maximum frequency in fiber orientation for all fiber mat samples occur at about 0 
degrees, indicating the fiber’s long axis is biased towards the direction of the spinning 
orifice as it is deposited on the circumferential collector. The mechanical tests in this study 
were conducted along this same direction (i.e., the 0 degree direction following the path 
swept out by the spinning orifice). 
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Figure 4.3: Orientation of individual fibers in (a) 100/0, (b) 60/40, and (c) 20/80 
5A/POSS mats.  
It is important to note that the incorporation of more than 50 wt% POSS into 
polymeric fibers has not been demonstrated before. This was achieved largely owing to the 
selection of monomers and the features of the photo-reactive fiber spinning method. First, 
P8A was selected for its high ene-functionality, physical properties and commercial 
availability. The multiple acrylate groups participate in rapid photopolymerization and 
anchor the inorganic POSS structures in the thiol-ene network, thereby facilitating a 
uniform distribution of POSS. Second, the mixing of organic and inorganic components 
was performed in the monomeric liquid state prior to fiber spinning and 
photopolymerization. This is advantageous in producing a homogeneous monomer 
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mixture, because the entropy of mixing of such a system is much higher compared to 
mixing of POSS components with high molecular weight preformed polymers.   
4.3.2 Thermal characterization 
 
Figure 4.4: DSC thermograms of as-processed fibers made from various formulations. 
The heat flow (exothermic up) is from the second heat and has been 
normalized by sample weight and shifted vertically for clarity.   
As shown in Figure 4.4, DSC thermograms of as-processed fibers revealed that the 
primary glass transition temperatures (Tg) are 115 
oC, 102 oC and 98 oC for 100/0, 60/40, 
and 20/80 5A/P8A fibers, respectively. The primary Tg shifts towards lower temperature 
with increasing P8A content. It is expected that P8A monomers could affect the network 
structure in a number of different ways. First, POSS molecules contain rigid cores whereas 
5A molecules have flexible ether linkages near the center; the steric hindrance of the rigid 
core probably prevents tight packing of POSS molecules, leading to a more expanded 
network. Second, the alkyl chain length of acrylate branches on P8A monomers is longer 
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than that on the 5A monomers, which could lead to internal plasticization and the formation 
of a larger crosslinked network pore size with lower crosslink density.  
It was also observed that as P8A content increases in the monomer mixture 
formulation, the final conversion of acrylate groups in the as-processed fibers decreases 
from 84% for 100/0 5A/P8A to 71% for 20/80 5A/P8A calculated from the FTIR spectra 
(Figure 4.5) as described in Section 4.2.7. It should be noted that the baseline of the ATR-
FTIR spectra of as–processed fibers (Figure 4.5 d-f) is tilted upwards with higher 
wavenumber due to scattering of light from fiber surfaces. On the other hand, the baseline 
of the transmission mode FTIR spectra of monomer mixtures (Figure 4.5 a-c) is flat, 
indicating the monomer mixtures are homogeneous and free of POSS aggregation. 
The lower final conversion of acrylate groups with increasing P8A content in the 
thiol-ene formulation is also aligned with the decreasing primary Tg. This result also agrees 
with the aforementioned reports regarding multifunctional siloxane containing thiol-ene 
polymerizations. For example, Cole and coworkers evaluated the reaction kinetics of thiol- 
and ene-functionalized polysiloxane and observed that the polymerization rate is sensitive 
to the chemical environment/composition of siloxane formulations.26 In another study, 
Naumov et al. suggested that inflexibilities of the nonreactive segments as possible sources 
of radical trapping.27 
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Figure 4.5: FTIR spectra of 100/0, 60/40, and 20/80 5A/P8A monomer mixtures (a, b and 
c, respectively) and the corresponding as-processed fibers (d, e and f, 
respectively). 
Besides the primary Tg, all as-processed samples possess additional thermal events 
resembling Tgs typically appearing 20-30 
oC higher than the primary Tg. Because this 
phenomena occurs for all fiber samples made both with and without P8A, the presence of 
multiple Tgs does not reflect aggregation of inorganic POSS in the organic matrix, a 
common problem in the physical blending of POSS filler in polymeric matrices.9-11 In this 
case, the secondary Tg occurring 20-30 
oC higher than the primary Tg is a hallmark of 
mixed step growth / chain growth polymerization of acrylate-thiol  / acrylate-acrylate 
monomers, respectively;28 this is in contrast to the single, narrow Tg that reflects the 
homogeneity of a pure step-growth thiol-ene network.29-30 The different reaction 
mechanisms can result in different extents of polymerization and segmental mobilities in 
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localized regions that give rise to inhomogeneities in the crosslinked network, reflected as 
multiple Tg’s or a broadened Tg.1, 31-32 
 
Figure 4.6: TGA thermograms of as-processed fibers containing various amounts of 5A 
and P8A.  
TGA was used to characterize the thermal stability of the as-processed fibers. 
Figure 4.6 shows that the onset degradation temperature is around 400 oC for all samples, 
which is typical for materials containing a highly crosslinked thiol-ene network.1, 29 The 
residual weights at 500 oC were 8.6%, 26.7%, and 41.9% for 100/0, 60/40, and 20/80 
5A/P8A fibers, respectively. This continuous change in residual weight clearly indicates 
that the incorporation of inorganic components significantly improves the thermal stability 
of the thiol-ene fibers. The residual weight remains stable at 500oC and above for all 
samples, demonstrating their potential for application in high temperature environments.  
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4.3.3 Thermal treatment and resulting fiber morphology 
To investigate the effect of thermal treatments on fiber properties, the fibers were 
thermally treated at 500 oC, 750 oC, and 1000 oC in an Argon atmosphere inside a tube 
furnace. Figure 4.7 displays the morphology of 20/80 5A/P8A fibers before and after 
thermal treatments. The fibers made from 100/0 5A/P8A and 60/40 5A/P8A formulations 
also exhibit similar morphological transitions.  
 
Figure 4.7 SEM micrographs of 20/80 5A/P8A fibers (a) as-processed and thermally 
treated at (b) 500 oC, (c) 750 oC, and (d) 1000 oC. Scale bars in all images 
represent 30 µm. 
Comparing untreated fibers in Figure 4.7 a to thermally treated fibers in Figure 
4.7 b-d under the same magnification, it is obvious that fibers shrink significantly in 
 110 
diameter, but the fiber mat itself remains intact and free of defects. It is reasonable to 
conclude that the chemical crosslinks of the macromolecular network and inorganic POSS 
content are both critical aspects of their survival at high temperature.  
 
Table 4.2: Residual weight, mat area, and diameter reduction of inorganic-organic 
hybrid fibers after thermal treatments. 
The % change in weight, physical dimension, and average diameter after thermal 
treatments at different temperatures were measured and tabulated in Table 4.2. The weight 
changes after thermal treatment in the tube furnace are in good agreement with the TGA 
results of Figure 4.6. Fiber mats also undergo reduction in both mat area and fiber 
diameter, but to a lesser extent than the reduction in weight, indicating that the fibers shrink 
in three dimensions during the thermal treatment. In addition, fibers containing more 
inorganic POSS content have a smaller reduction in weight, mat area and fiber diameter. 
This again shows the superior thermal stability of the inorganic-organic hybrid fibers.  
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Figure 4.8: SEM micrographs of (a) 100/0 5A/P8A fibers thermally treated at 750 oC, (b) 
100/0 5A/P8A fibers thermally treated at 1000 oC, (c) 60/40 5A/P8A fibers 
thermally treated at 1000 oC and (d) 20/80 5A/P8A fibers thermally treated at 
1000 oC. 
Interestingly, high magnification SEM images of 100/0 5A/P8A fibers reveal that 
thermal treatments at 750 oC and 1000 oC (Figure 4.8 a and b) produce mesoporous 
structures. The porous structures appear on both the surface and throughout the core of the 
fibers. It is likely that they are formed from the deterioration of the organic crosslinked 
network followed by evaporation of volatile organic species as thermal treatment 
continues. In contrast, replacing only 40% of the organic ene monomer with inorganic-
organic hybrid P8A sufficiently stabilizes the crosslinked network. The SEM image of 
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60/40 and 80/20 5A/P8A fiber after thermal treatment at 1000 oC in Figure 4.8 c and d 
reveals a smooth fiber surface and cross section without any mesoporous structure, 
indicating not only the integrity of the POSS containing crosslinked network at elevated 
temperature but also the good miscibility of 5A and P8A. 
3.4 Composition characterization 
SEM-EDS elemental analysis was employed to investigate the compositional 
evolution of the inorganic-organic hybrid fibers that have been treated at different 
temperatures. Although SEM-EDS analysis provides a semi-quantitative measure, it offers 
useful insight about the effect of thermal treatment on the composition and network 
structure. Further, the elemental compositions of as-processed fiber samples from SEM-
EDS analysis are in good agreement with those calculated based on the monomer mixture 
formulations as shown in Table 4.3. 
 
Table 4.3: Comparisons of C, O, Si, and S elemental compositions of 100/0, 60/40, and 
20/80 5A/P8A monomer mixtures measured by SEM-EDS and calculated 
based on monomer mixture formulations.  
Figure 4.9 displays the elemental compositions of 100/0, 60/40, and 20/80 5A/P8A 
fibers before and after thermal treatments. All three samples showed significant changes in 
composition after undergoing thermal treatments at 500, 750, 1000 oC. Interestingly, 
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despite the fact that all are produced via the same thiol-ene photopolymerization 
mechanism by reacting similar chemical moieties, the elemental changes after thermal 
treatment are very different for the three formulations. This can be contributed to two 
factors. First, it is well known that ester linkages undergo cleavage at high temperature, 
forming CO2, CO, and small volatile organics. As shown in numerous thermoplastics and 
thermosets containing ester groups, the cleaving of ester linkages is typically initiated at 
about 400 oC,33-35 which coincides with the onset degradation temperature of crosslinked 
thiol-ene fiber samples. On the contrary, the O rich inorganic POSS cage is preserved, as 
Si-O-Si linkages have better thermal stability even at extreme temperatures. For example, 
the decomposition of silicon oxycarbide, SiOxCy, rarely occurs below 1300 
oC.36-37  
For 100/0 5A/P8A fibers, O content decreases while C content increases 
monotonically with thermal treatment at higher temperatures. This can be attributed to the 
decomposition of ester groups, leaving behind a residue mostly composed of C. On the 
other hand, the O content of 60/40 and 20/80 5A/P8A samples increases indicating that the 
retention of O content from the POSS cages is greater than the loss of O content via 
decomposition of ester bonds. The C content of all thermally treated inorganic-organic 
hybrid fibers decreases, again due to the presence of the more thermally stable Si-O-Si 
linkages compared to alkyl and ester linkages. Finally, the S atom% significantly decreases 
for all fiber samples after thermal treatment, indicating the thermal cleavage of C-S 
linkages at elevated temperatures.38 
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Figure 4.9:  Elemental composition of as-processed and thermally treated fibers obtained 
from EDS: (a) C, (b) O, (c) Si, and (d) S. The legend in (d) applies to all 
graphs in this figure. The error bars represent the standard deviation of six 
measurements in different areas of each sample. 
Figure 4.10 compares the Si/O ratio for 60/40 and 20/80 5A/P8A fibers as-
processed and after thermal treatment at different temperatures. The Si/O ratios of POSS 
containing fibers that have been thermally treated at 500 and 750 oC are approximately 0.6, 
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close to the Si/O ratio for the POSS cage (0.66). This again confirms that the thermally 
treated fiber network consists of significant amounts of POSS structures, while the organic 
content, particularly ester and C-S linkages from POSS pendant branches and 5A, 
decomposes and volatilizes from the network. 
 
Figure 4.10: Atomic Si/O ratio EDS results from fiber samples undergoing different 
thermal treatments. 
3.5 Mechanical characterization 
The tensile properties of as-processed and thermally treated fibers were 
characterized by stress-strain experiments. All measurements were normalized by the 
physical dimensions (thickness, width, and porosity) of fiber mats as described in the 
experimental section. Figure 4.11 shows representative stress-strain curves of the fiber 
mats made from three different formulations. Most samples exhibit a maximum in stress 
followed by sudden rupture without yielding, which is indicative of brittle-hard materials 
and typical for materials containing a highly crosslinked network.28, 30, 39 At least four 
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samples from each fiber mat were prepared and measured. The compiled values of ultimate 
stress, ultimate strain and modulus are presented in Figure 4.12.  
 
Figure 4.11: Representative stress-strain curves of (a) 100/0 5A/P8A, (b) 60/40 5A/P8A, 
and (c) 20/80 5A/P8A fibers as-processed and after being thermally treated at 
500 oC, 750 oC, and 1000 oC, respectively. 
 
Figure 4.12: (a) Ultimate stress, (b) ultimate strain, and (c) modulus of 100/0, 60/40, 20/80 
5A/P8A fibers as-processed and after thermal treatment at 500 oC, 750 oC, 
and 1000 oC, respectively. The legend in (a) applies to all panels in this figure. 
The error bars represent one standard deviation of at least four samples. 
With increasing thermal treatment temperature, the ultimate stress (Figure 4.12 a) 
of the thermally treated 100/0 and 60/40 5A/P8A fibers reduces dramatically, while the 
ultimate stress of the thermally treated 20/80 5A/P8A fibers stays constant at 500 oC and 
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even increases slightly at higher temperature. These differences can be attributed to the 
extent of degradation and rearrangement of the organic-inorganic hybrid network. During 
thermal treatment, the organic components degrade, leaving behind the inorganic 
components which can undergo a number of reactions. For example, cleavage of the Si-C 
bond occurs above 400 oC which can lead to an exchange reaction between the Si-C bond 
and Si-O bond, or formation of Si-C-Si bridges.40-42 Residual units not functionalized with 
pendant organic branches, such as Si-OH groups, in the P8A monomer can also undergo 
condensation reactions to form additional Si-O-Si bridges.40, 43-44 For 20/80 5A/P8A fibers, 
it is plausible that the formation of a silicon oxycarbide network compensated for the 
degradation of the organic thiol-ene network and resulted in a near constant ultimate stress. 
Conversely, for fibers containing lesser amounts of POSS, the degradation of the thiol-ene 
network dominated leading to a reduced ultimate stress. The ultimate strain (Figure 4.12 
b) reduces significantly to similar values for all samples after being thermally treated. This 
shows the fiber mats become more brittle after undergoing thermal treatments.  
Previous research has shown that the modulus of the fiber mat, defined by the slope 
of the stress-strain curve, can be more than an order of magnitude lower than the single 
fiber from which the mat is composed, depending on the porosity, radius of curvature, and 
distance between physical contacts of fibers.45-46 As a result, it is essential in this study to 
measure the physical dimensions of the fiber mats rigorously, and to prepare fiber mats 
with similar fiber orientations. The moduli of fiber mats from different compositions and 
thermal treatments were calculated from the stress-strain curves, and the values are shown 
in Figure 4.12 c. The modulus for the as-processed 100/0 5A/P8A fiber mat is 420 MPa, 
which is 6 times lower than the modulus of the single fiber made with a similar 
composition.1 It is noteworthy that the stress-strain tests on as-processed 100/0 5A/P8A 
single fibers (as shown in Figure 4.13) yielded similar ultimate stress and strain, and 
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modulus values compared to the previously reported thiol-ene electrospun fibers with 
similar compositions.1, 21  
 
Figure 4.13: Representative stress-strain curves of three separate 100/0 5A/P8A as-
processed single fibers.  
Interestingly, the moduli of the fiber mats decreased significantly as the POSS 
content increased. This can be largely attributed to the presence of rigid POSS cores which 
may not densely pack and the more extensible R groups compared to 5A resulting in a 
more open network. This is also consistent with a reduced primary Tg as POSS content 
increased. As thermal treatment temperature increased, the modulus of the 100/0 5A/P8A 
fiber mat decreased monotonically. The reduction in modulus along with the formation of 
macroscopic pores after thermal treatments, revealed by the previously detailed SEM 
images, clearly indicate the degradation of the purely organic crosslinked network. On the 
contrary, the moduli of organic-inorganic hybrid fibers increased after thermal treatments 
and showed significant improvement in mechanical properties at elevated temperatures 
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compared to their purely organic counterpart. The modulus of 60/40 5A/P8A reached a 
maximum at the 500 oC thermal treatment and then decreased at 750 oC and 1000 oC, while 
the modulus of 20/80 5A/P8A increased up to 750 oC and was approximately maintained 
at 1000 oC.  
One potential explanation of the drop in modulus for the 60/40 5A/P8A sample at 
higher thermal treatment temperatures (750 oC and 1000 oC) is that the fibers still consist 
of a significant amount of organic material which decomposes at these higher temperatures. 
This leads to a loosely connected network, although void formation and internal fracture 
was not observed from the SEM images of these samples. Further, the moduli of the two 
inorganic-organic fiber mats after thermal treatments follow the trend of Si/O ratio as 
presented in Figure 4.10, suggesting that the mechanical properties are highly dependent 
on the network composition. After the decomposition and volatilization of organic 
components in the network, the residual network is composed mainly of rigid POSS 
molecules and thereby exhibits more brittle material characteristics with higher modulus. 
Nonetheless, it is clear that varying the organic/inorganic content and the thermal treatment 
temperature could be attractive for tuning the thermal stability and mechanical properties 
of the thiol-ene hybrid fibers to targeted values.  
4.4 CONCLUSION 
In this chapter, inorganic-organic hybrid fibers composed of a thiol-ene crosslinked 
network that contains POSS molecules have been successfully prepared directly from 
monomeric liquids by simultaneous centrifugal spinning and UV initiated thiol-ene 
chemistry. This robust and unique approach allows up to 80 wt% POSS to be chemically 
integrated into the thiol-ene network, simultaneously achieving both high loading and 
excellent dispersion of the inorganic material. Thermal treatments were performed on 
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fibers containing various ratios of organic and POSS thiol-ene monomers. Thermal, 
compositional, and mechanical studies were subsequently conducted to characterize the 
properties of fibers at elevated temperature.  
It was observed that, owing to the Si-O-Si cage structure and its inorganic nature, 
POSS is highly effective in modulating the properties of thiol-ene fibers. Incorporating 
POSS enhanced the thermal stability and mechanical properties after thermal treatments at 
temperatures of up to 1000 oC that can be attributed to the preservation of a thermally stable 
network composed mostly of rigid POSS cage structures. Considering the simple and 
robust fabrication process and the tunable and enhanced fiber properties, these POSS 
containing thiol-ene fibers have potential applications as catalysis supports and filtration 
media, particularly in high temperature and harsh environments.  
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Chapter 5:  Solventless Manufacturing of Poly(butylene terephthalate) 
Nanofibers via Centrifugal Spinning3 
5.1 INTRODUCTION 
In the previous chapters, a new fiber fabrication method was described that couples 
centrifugal spinning and UV initiated thiol-ene polymerization. The underlying mechanics 
of the process were investigated and major factors that impact fiber formation, 
morphology, diameter, and properties were identified. Owing to the use of reactive 
monomers with multiple functional groups, the fibers that were formed are classified as 
thermosets. They contain a highly crosslinked network which allows them to be chemically 
inert in most organic solvents and thermally stable in that they can maintain their size and 
shape at temperatures of up to 400 oC.  
Although it is envisioned that thiol-ene thermoset fibers have great potential in a 
number of specialty applications such as hot oil and air filtration, immobilization of 
catalysts for performing reactions, etc., the reality is that the current nonwovens industry 
primarily relies on thermoplastic polymers. Therefore, in the remainder of this dissertation, 
the focus will be on the production of thermoplastic fibers via melt state centrifugal 
spinning. As discussed in Chapter 1, low cost and high throughput production of micro- 
and nanofibers from commodity thermoplastics is still challenging and remains an active 
area of research. It is an even greater challenge to make nanofibers from high performance 
polymers, because these polymers do not dissolve in common organic solvents and 
typically have high melting temperatures required for demanding applications.  
                                                 
3This chapter is adapted from “Solventless high throughput manufacturing of poly(butylene terephthalate) 
nanofibers” published in ACS Macro Letters (2012). Kadhir Shanmuganathan and Yichen Fang contributed 
equally to design of experiments, data collection and analysis; Daniel Y. Chou, Sarah Sparks, Jarett Hibbert 
contributed to optimization of fiber spinning protocols; Prof. Christopher J. Ellison provided overall guidance 
of this project. 
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One example is poly(butylene terephthalate) (PBT), a semicrystalline engineering 
thermoplastic polymer that belongs to the class of linear aromatic polyesters. It is well 
known for its excellent chemical resistance, thermal stability, mechanical behavior, 
electrical resistance, low moisture absorption, etc.1 The rapid crystallization kinetics of 
PBT as compared to poly(ethylene terephthalate) (PET)2 leads to shorter cycle times in 
injection molding and hence this polymer has been used for a variety of applications in 
automobile parts, electrical components and consumer goods.3, 4 PBT nanofibers with 
superior chemical resistance are very attractive for the filtration of physiological fluids and 
hot chemicals. Moreover, these nanofibers are a candidate to replace PET in tissue 
engineering applications as scaffolds for endothelial cells.5  
However, PBT suffers from very limited solubility in common organic solvents and 
hence electrospinning of PBT nanofibers is typically performed with solvents such as 
trifluoroacetic acid or hexafluoropropanol.4, 6 Apart from solvent recovery and productivity 
issues associated with electrospinning, these solvents may not be suitable for certain 
applications where solvent accumulation or toxicity is a major concern. Recently, Ellison 
et al.7 demonstrated that melt blowing could be used to produce PBT nanofibers under 
special conditions. However, the process requires a very high velocity hot air jet which is 
also energy intensive. Using melt state centrifugal spinning, it is anticipated that many of 
the aforementioned challenges can be overcome to reveal a new pathway for high 
throughput melt processing of PBT micro- and nano-fibers. Our investigations will also 
show that these nanofibers have high crystallinity and enhanced molecular orientation 
which is important for realizing desirable physical and chemical properties of many high 
performance polymer fibers.  
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5.2 EXPERIMENTAL 
5.2.1 Materials 
PBT (Celanex 2008) was kindly donated by Ticona USA and used as received. The 
reported values of melting temperature and density of PBT are 228C and 1.38-1.55 g/cm3. 
PBT pellets were dried in an oven at 80 oC for at least 24 hours to remove any moisture on 
the pellet surface before centrifugal spinning. 
5.2.2 Centrifugal spinning 
PBT nanofibers were made by Forcespinning™ technology using a Cyclone L-
1000M (FibeRio Technology Corporation).  A 30 gauge stainless steel spinneret (89 mm 
in diameter) with 24 equally circumferentially spaced orifices (160 µm inner diameter) was 
used. In this set up, the spinneret assembly is heated from the top and bottom with 
temperature controlled radiant heater rings. A schematic diagram of the melt state 
centrifugal spinning apparatus and a digital photograph of the actual spinneret used in this 
study is shown in Figure 5.1. 
 
Figure 5.1: (a) A schematic representation of the melt state centrifugal spinning process 
and (b) an image of the 24-orifices spinneret used to spin PBT fibers in this 
study. Reprinted with permission from [8]. Copyright © 2012 American 
Chemical Society. 
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PBT fibers were spun at different spin speeds (10000, 12000, 15000 rpm) and 
temperatures (280, 300, 320 ˚C). For each run, the spinneret was heated to the desired 
temperature monitored by a thermocouple and then approx. 0.25g of PBT pellets were 
added through the spinneret opening in the top. Loading the polymer pellets after the 
desired temperature is reached instead of at the beginning of the heating cycle ensures that 
the polymer pellets were heated quickly (within one minute) in order to minimize sample 
degradation from oxygen and heat exposure. Additionally, purging the spinneret with an 
inert gas such as nitrogen or argon gas prior to melting the polymer also helps minimize 
polymer degradation if necessary. Molten PBT was extruded through the spinneret orifices 
due to centrifugal force during spinning.  Cooled and solidified fibers were collected on 
the circumferential collector located 15 cm away from the spinneret.  
After each experiment, a purge run was conducted to clear residual polymer from 
the spinneret. However, it should be noted here that the purge run cannot completely 
remove all residual polymer from the spinneret, and after several runs (typically no more 
than three), the resulting fiber quality becomes compromised due to residual built up. The 
best practice is to remove all polymer residuals completely by heating the spinneret at 350 
oC (or above the degradation temperature of the polymer used) overnight after every single 
run. 
5.2.3 Scanning electron microscopy (SEM)  
A thin layer of fibers was attached to the SEM sample holder with double sided 
carbon tape and sputter coated with Au/Pd to minimize charging. The coated samples were 
imaged by a Hitachi S-4500 SEM at an accelerating voltage of 15 kV. Several low and 
high magnification images were taken from different areas of the sample. Fiber diameters 
of 200 to 250 fibers were measured from 15 to 20 randomly sampled SEM images using 
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an image analysis software (Image J, National Institute of Health). The average diameter 
and standard deviation of the fibers were reported and a histogram was constructed for each 
fiber sample.  
5.2.4 Differential scanning calorimetry 
Melting and crystallization behavior of the fiber samples was investigated by 
differential scanning calorimetry (DSC, DSC-1, Mettler Toledo). About 2 mg of fiber 
sample was used for each run and two runs were conducted at each condition to ensure 
reproducibility. The sample was held at 25 ˚C for two minutes, and then heated to 300˚C 
at a rate of 10˚C/min. The sample was held at 300 ˚C for two minutes before cooling down 
to 25˚C at a rate of 10˚C/min.  The sample was again held at 25 ˚C for two minutes and 
heated to 300˚C at a rate of 10˚C/min. The peak values of the heating and cooling scans 
were taken as the melting and crystallization temperature, respectively. Percentage 
crystallinity was estimated from the area of melting endotherm using 140 J/g as the heat of 
fusion for 100% crystalline PBT.9-11 
5.2.5 Rheometry 
An AR2000ex rheometer (TA instruments) was used to study the effect of 
temperature on the rheological properties of the bulk material.  Nitrogen gas was used at 
all times to avoid sample degradation. After conducting a strain sweep experiment to 
determine the linear viscoelastic region, oscillatory shear experiments were conducted on 
PBT resin at 10% strain with frequency ranging from 0.1Hz to 100 Hz.  Experiments were 
conducted at multiple temperatures (260, 280, 300 and 320 ˚ C) using 25 mm diameter steel 
parallel plates.  
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5.2.6 Optical microscopy 
Molecular orientation within fibers was analyzed using an optical microscope 
(Olympus BX 60) with crossed polarizers. Fibers were sandwiched between a glass slide 
and a cover slip that was placed on a hot stage and the birefringence behavior imaged at 
different temperatures with an associated Nikon camera. 
5.3 RESULTS AND DISCUSSION 
5.3.1 Fiber morphology 
We report here the first melt extrusion of PBT nanofibers using the centrifugal 
spinning process. The percentage of nanofibers (based on the ratio of number of submicron 
diameter fibers to the total number of fibers in the sampling) was as high as 55%, with a 
range of 300 nanometers to several microns and an average fiber diameter close to one 
micron in most cases. This is especially interesting given the high mass throughput of this 
melt process compared to solution electrospinning. Figure 5.2 and 5.3 show the 
representative SEM images of PBT nanofibers made under different processing conditions 
at high and low magnification. The fibers were smooth and defect free. 
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Figure 5.2: Representative SEM images of PBT nanofibers extruded under different 
conditions at high magnification. (a) 10000 rpm at 300 C (b) 12000 rpm at 
300 C (c) 15000 rpm at 300 C (d) 12000 rpm at 320 C (e) 12000 rpm at 
280 C. Reprinted with permission from [8]. Copyright © 2012 American 
Chemical Society. 
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Figure 5.3: Representative SEM images of PBT nanofibers extruded under different 
conditions at low magnification. (a) 10000 rpm at 300 C (b) 12000 rpm at 
300 C (c) 15000 rpm at 300 C (d) 12000 rpm at 320 C (e) 12000 rpm at 
280 C. Reprinted with permission from [8]. Copyright © 2012 American 
Chemical Society. 
5.3.2 Effects of temperature and spin speed on fiber diameter 
The fiber diameter is influenced by several variables including spinneret rotational 
speed (rpm), polymer melt/spinneret temperature, orifice diameter and collector distance. 
Our systematic investigations revealed that temperature has a stronger effect on fiber 
diameter distribution relative to other factors. PBT nanofibers were spun at an intermediate 
spin speed of 12000 rpm at three different polymer melt temperatures, 280 oC, 300 oC, and 
320 oC. 
To ensure reproducibility of the results, two batches of fibers were made 
independently for each condition and all SEM images were analyzed by separate 
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researchers. The average fiber diameter and other data related to fiber dimensions are based 
on the average of all measurements that were made (more than a few hundred per sample 
with random image sampling). Histograms of fiber diameters at different conditions were 
constructed using 25 bins across the entire fiber diameter distribution. We found this 
number of bins captures the nature of the distribution and results in a smoothened shape of 
the distribution. A sample histogram (for PBT fibers extruded at 12000 rpm and 320 oC) is 
shown in Figure 5.4. We found that fiber diameter distributions appear to follow a log-
normal function;7 this sample exhibits an average log(diameter, microns) of -0.0076 and 
standard deviation of 0.23. The fiber diameter distribution statistics for PBT fibers made at 
various conditions were analyzed accordingly and shown in Table 5.1. 
 
Figure 5.4: A sample fiber diameter histogram of PBT fibers (spun at 12000 rpm, 320 
oC). Fiber diameter distribution was fit to logarithmic normal distributions 
(solid lines). Reprinted with permission from [8]. Copyright © 2012 
American Chemical Society. 
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Table 5.1: Average fiber diameter and diameter distribution information for PBT fibers 
made by centrifugal spinning at different processing conditions. Reprinted 
with permission from [8]. Copyright © 2012 American Chemical Society. 
As shown in Table 5.1, increasing the spinneret temperature from 280 C to 320 
C led to a significant increase in percentage of submicron fibers from 26 to 55%. The 
effect of processing temperature can influence fiber formation in different ways. First, 
increasing the extrusion temperature allows the polymer jet to remain in a molten state for 
a longer period of time promoting additional stretching before solidification by 
crystallization. The fiber cools rapidly due to its exposure to ambient air after it is ejected 
from the spinneret. Secondly, temperature has a significant effect on polymer melt 
viscosity. Dynamic shear experiments (Figure 5.5) revealed nearly an order of magnitude 
reduction in shear viscosity of PBT from 14.56 Pa-s at 280 C to 0.88 Pa-s at 320 C. 
Therefore, the thinner fibers obtained at higher extrusion temperatures could be due to 
lower viscosity and/or additional stretching before sufficient cooling takes place for onset 
of crystallization. With the fast crystallization kinetics of PBT, it is likely that the difference 
between the process and crystallization temperature has a more dominant effect than 
viscosity in controlling the fiber diameter.  
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Figure 5.5: Complex viscosity of PBT resin at different temperatures. Reprinted with 
permission from [8]. Copyright © 2012 American Chemical Society. 
On the other hand, spinneret rotational speed has a more subtle effect on PBT fiber 
formation for the conditions evaluated here. Below a spin speed of 10,000 rpm, a majority 
of fibers were between 1-3 microns in diameter (data now shown here). Increasing spin 
speed to 10,000 or 12,000 rpm resulted in a significant increase in the nanofiber population. 
While average fiber diameter was approximately the same, the percentage of submicron 
diameter fibers reduced slightly as the speed was increased from 10,000 or 12,000 to 
15,000 rpm. At first glance, this appears counterintuitive as one may expect higher 
spinneret speeds to produce smaller fibers from enhanced stretching of the fiber with higher 
centrifugal forces. However, an important feature of this process is that it does not require 
a positive displacement feed system to deliver the melt through the orifice. In fact, the 
polymer mass flow rate through the spinneret is partially governed by pressure driven flow 
from the outward centrifugal force acting on the melt at the spinneret entrance. Thus it is 
possible that higher melt flow rates and associated larger fiber populations can result from 
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the aforementioned contrasting effects of higher rotational speed under some 
circumstances.  
5.3.3 Structural and thermal properties of PBT fibers 
An attractive aspect of these PBT nanofibers is their high crystallinity and enhanced 
molecular orientation. Polarized optical microscopy (Figure 5.6) of PBT fibers revealed 
birefringence behavior indicative of enhanced molecular orientation from the fiber 
stretching process. The birefringence diminished as the fibers were heated above 220 C, 
near the melting point of the polymer.  
 
Figure 5.6: Polarized optical microscopy images at 10x magnification, showing 
birefringence behavior indicative of a high degree of molecular orientation in 
PBT fibers.  From left to right (a) without cross polarizers at room 
temperature (b) with cross polarizers at room temperature (c) with cross 
polarizers at 200 C (d) with cross polarizers at 220 C (e) with cross 
polarizers at 240 C. Reprinted with permission from [8]. Copyright © 2012 
American Chemical Society. 
The crystallinity can be estimated from the area under the melting peak of DSC 
thermograms (Figure 5.7) and the results are tabulated in Table 5.2. Irrespective of 
spinning speed, all PBT nanofibers displayed a high level of crystallinity (40%), close to 
or slightly higher than bulk PBT pellets as measured from the DSC cooling curve. This is 
significantly different from what is generally observed in electrospun semicrystalline 
nanofibers, where the crystallinity of as spun fibers is typically low12-15 and post processing 
is required to improve crystallinity. Though one could argue that fast crystallization 
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characteristics of PBT are helping to attain a higher degree of crystallinity, it is important 
to note that solution electrospun PBT nanofibers typically have lower crystallinity than the 
bulk resin.4  
 
Figure 5.7: DSC thermograms of PBT nanofibers upon (a) first heating and (b) 
subsequent cooling. PBT pellet (solid line), PBT fibers at 10000 rpm (dotted 
line), PBT fibers at 12000 rpm (dashed line), PBT fibers at 15000 rpm (dash 
dot line). Reprinted with permission from [8]. Copyright © 2012 American 
Chemical Society. 
 
Table 5.2: Melting and crystallinity data of the PBT resin and PBT nanofibers made at 
various rotational speeds at 300 ˚C. +/- in temperature is standard instrument 
error while +/- in crystallinity is standard deviation from three independent 
measurements. Reprinted with permission from [8]. Copyright © 2012 
American Chemical Society. 
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Although the fibers processed here at different spinning speeds displayed similar 
melting behavior, the peak melting temperature of the fibers was 6-7 C lower than that of 
the bulk PBT resin. This could be due to smaller crystals or the presence of larger amounts 
of surface in nanofibers as compared to a bulk polymer. PBT is also known to exhibit 
polymorphic behavior with an -crystal phase characterized by gauche-trans-gauche 
conformation of the 4 methylene segments and a -crystal phase characterized by an 
extended all-trans conformation of the 4 methylene segments. Studies also report that the 
-crystal phase is typically formed under relaxed crystallization conditions while the -
crystal phase is formed under stress16. The high extensional stress conditions present in the 
centrifugal spinning process and the confined geometry of nanofibers could favor specific 
crystal morphologies which may result in a shift in the peak melting temperature.  
In the subsequent cooling scan (Figure 5.7 b), the PBT resin displayed a very broad 
crystallization exotherm with a peak at 181 C, while all PBT fibers exhibited very narrow 
crystallization exotherms with peak crystallization temperatures between 193 and 196 C. 
The molecular orientation present in the fibers is probably not completely erased in the 
first heating scan which could affect later crystallization processes. Completely erasing the 
memory of the fiber structure could require annealing for long periods of time, longer than 
were employed in this study. Nonetheless, the intrinsic molecular orientation and 
confinement effect induced by the fiber structure could enhance the number of nucleation 
sites increasing the crystallization temperature. An important finding is that the thermo-
mechanical history applied to PBT nanofibers during centrifugal spinning seems to help 
attain enhanced molecular orientation and high crystallinity, two key features that 
contribute strongly to ultimate mechanical behavior and chemical stability of high 
performance semicrystalline polymer fibers.  
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Lastly, the chemical stability of PBT nanofibers were tested by immersing the fiber 
sample (12000 rpm, 300 oC) in hot toluene at 60 C for 24 hours. SEM image (Figure 5.8) 
reveals that the fibers remain intact with smooth surfaces after the hot toluene test. 
Additionally, there is no statistically significant change in fiber diameter, confirming the 
chemical stability of the PBT fibers.  
 
Figure 5.8: SEM image of fibers made at 12000 rpm at 300 C after immersing in hot 
toluene at 60 C for 24 hours. Reprinted with permission from [8]. Copyright 
© 2012 American Chemical Society. 
5.4 CONCLUSION 
In this chapter, we demonstrated a facile approach for high throughput 
manufacturing of micro- and nano-fibers from a high performance PBT polymer that 
doesn’t dissolve in common organic solvents. While the fiber diameters fall within a range 
of 300 nm to several microns, we have shown that under optimized process conditions the 
population of submicron fibers can be as high as 55% with an average diameter close to 
one micron. Our results also show these nanofibers have high crystallinity comparable to 
the bulk resin and enhanced molecular orientation, which is crucial for realizing desirable 
physical and chemical properties of the high performance polymer fibers. 
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Chapter 6: Tin Fluorophosphate Nonwovens by Melt State Centrifugal 
Forcespinning4 
6.1 INTRODUCTION 
Phosphate glasses are a collection of diverse inorganic ceramics that possess many 
unique properties such as optical transparency,1-2 good chemical durability,3-5 and high 
thermal expansion coefficients.6-7 These properties make phosphate glasses excellent 
candidates for many applications, ranging from optical components, host matrices for 
radioactive waste, inorganic-metal sealing materials, and packaging.1-10 In addition, 
phosphate glasses are known to behave like polymeric materials in the melt state8, 11-12 and 
are regarded as inorganic polymers because they contain chains and crosslinked networks 
analogous to organic polymers.13-16  
Phosphate glasses in fiber form have interesting properties that are not present in 
the bulk material such as a high surface area to volume ratio and a high degree of 
anisotropy. Ahmed et al. demonstrated the relevance of phosphate glass fibers in the 
biomedical and tissue engineering field as degradable bone repair materials, antibacterial 
delivery systems, and scaffolds.17-20 Other researchers have used phosphate glass fibers for 
photonic and laser applications.21-22 However, the production of large quantities of 
continuous inorganic phosphate glass fibers remains challenging. Due to the high melting 
temperature of phosphate glasses, excessive heating protocols exceeding 1000 oC are often 
required to melt process the glass into fibers.17-20 In addition, the melt processes reported 
in the literature so far typically require manual drawing or other special fiber forming 
                                                 
4This chapter is adapted from “Tin fluorophosphate nonwovens by melt state centrifugal Forcespinning” 
published in Journal of Material Science (2014). Yichen Fang contributed to design of experiments, data 
collection and analysis; Matthew Herbert and Prof. David A. Schiraldi synthesized tin fluorophosphate 
glass used in this study; Prof. Christopher J. Ellison provided overall guidance for this project.  
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assemblies and the resulting phosphate fibers typically have average diameters in the range 
of tens or hundreds of microns with low aspect ratios. 
A type of phosphate glass of particular interest in our study is tin fluorophosphate 
(TFP) glass, first prepared by Tick et al,23 with a proposed idealized network structure24-26 
as shown in Figure 6.1. It is worth noting that this idealized structure is not strictly correct 
and one would expect the actual structure to contain dangling ends, loops, residual 
functional groups, etc. similar to other highly crosslinked polymeric networks. TFP glass 
has an unusually low glass transition temperature (Tg) of < 200 
oC, and is a liquid over a 
large temperature range.25-28  This feature allows TFP to be mixed in the liquid state with 
commodity organic polymers using conventional polymer processing methods and 
conditions.9-10, 29  
 
Figure 6.1: Proposed structure for TFP glass. Reprinted with permission from Ref. [30]. 
Copyright © 2014 Springer Science+Business Media New York. 
In this chapter, we report the high throughput melt processing of continuous TFP 
glass fibers using centrifugal spinning. Previously, researchers have reported the 
production of inorganic nanofibers via centrifugal spinning of solutions containing 
inorganic precursors, followed by sintering of the fibers to produce the desired final 
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form.31-32 In contrast, the present report describes a simple, one step melt processing of 
inorganic TFP glass fibers with diameters in the single micron range by taking advantage 
of the large drawing force of centrifugal spinning and the low Tg and polymeric nature of 
TFP glass. The thermal and structural properties of the resulting TFP fibers will also be the 
focus of the present chapter.  
6.2 EXPERIMENTAL 
6.2.1 TFP glass preparation 
TFP glass was prepared as follows by Matthew Herbert from Prof. David 
Schiraldi’s group at Case Western Reserve University. Reagent grade tin fluoride (SnF2), 
tin oxide (SnO) and ammonium dihydrogen phosphate (NH4H2PO4) were all used as 
received (Sigma-Aldrich). TFP glass was prepared on a 25 g scale with a molar 
composition of 50% SnF2 + 20% SnO + 30% P2O5. The ingredients were carefully 
weighed, added into a closed jar and tumble mixed for 10-15 min to obtain a uniform 
mixture. This mixture was then transferred to a 50 mL capacity vitreous carbon crucible 
and was placed, uncovered, into a Thermolyne FA 1635 muffle furnace at 450 °C for 15 
min. Fluid melts obtained using this procedure were quenched onto a stainless steel plate 
and annealed in an oven at approximately 20 °C above the Tg for about 90 min. The 
annealed glass was subsequently ground into a fine powder using an IKA Werke M20 
universal mill. This process resulted in a TFP glass powder with a Tg of 100 ± 5 °C. 
6.2.2 TFP glass fiber spinning 
TFP glass was melt-processed into fibers by centrifugal spinning using a Fiberio 
Cyclone L-1000M. Commercially available spinnerets (FibeRio) with 24 orifices of 20 or 
30 gauge diameter (inner diameters of 603 µm and 159 µm, respectively) were used in this 
study. The heater temperature was set to 320 oC, while the spinneret temperature was 
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maintained at 270 oC. The TFP bulk powder was introduced into the spinneret and allowed 
to melt for 45 seconds prior to Forcespinning at 10,000 rpm. During spinning, the fibers 
were deposited on the collector ring that surrounds the rotating spinneret.  
6.2.3 Thermal treatment of fibers 
The neat fibers (NF) were pre-conditioned in ambient air in a Thermo-1000 furnace 
at 150, 200 and 250 oC for half an hour each, and thermally annealed at 300 oC for 1 hour 
(annealed fiber for 1 hour; AF1H) or 2 hour (AF2H). When the fibers were annealed 
directly at 300 oC without the aforementioned step-wise preconditioning, the fibers showed 
significant softening and developed wrinkles on the surface.  
6.2.4 Fiber diameter distribution analysis 
TFP glass fibers were imaged using a scanning electron microscope (Hitachi S-
4500). Image analysis software (Image JTM, National Institute of Health) was used to 
measure the fiber diameters of 150 randomly selected fibers from at least 15 high 
magnification SEM images taken at various areas across each fiber sample. The fiber 
diameter distributions were fit to logarithmic normal distributions as previously reported.33   
6.2.5 Characterization of thermal properties 
The glass transition behavior of the bulk TFP glass and fiber samples was 
investigated by differential scanning calorimetry (DSC, Mettler Toledo DSC-1). All DSC 
experiments were carried out in a dry N2 atmosphere by first heating from 25 to 120 
oC, 
cooling back to 25 oC, and then reheating to 350 oC in the second scan. All heating and 
cooling rates were 10 oC/min unless otherwise specified. The first heating was performed 
to remove any water condensed on the surface of the glass and to remove previous thermal 
history. The glass transition was measured using the second heating scan. Around 5 mg of 
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the bulk powder or fiber sample was used and the heat flow was normalized by the sample 
weight. 
Thermal stability of TFP samples was studied using thermogravimetric analysis 
(TGA, Mettler Toledo TGA/DSC 1). The samples were conditioned at 25 oC for two 
minutes and then heated from room temperature to 500 oC at 10 oC/min in a dry N2 
atmosphere. The weight loss of an empty pan was subtracted from the weight loss of each 
sample to account for the buoyancy effect during heating.  
6.2.6 Characterization of composition and structure  
The elemental composition of bulk powder and fiber samples was investigated 
using an SEM (Hitachi S-5500) equipped with an energy-dispersive spectrometry (EDS) 
detector (Bruker EDS Quantax 4010). EDS data were analyzed by Esprit software 
(Bruker). The fibers were ground to a fine powder prior to imaging in order to receive 
sufficient signal for EDS analysis. The systematic errors in terms of atomic % from EDS 
analysis for fluorine (F), oxygen (O), tin (Sn), and phosphorus (P) were 4.75 %, 5.07%, 
1.93%, and 0.47%, respectively. 
Fourier Transform Infrared Spectroscopy (FTIR, Nicolet Magna IR 550) was used 
to study the structural change in TFP glass fibers. Bulk powder and ground fiber samples 
were dispersed in carbon tetrachloride to make a 1 wt% solution. The solution was 
deposited onto a 2 mm thick NaCl salt plate and dried to form a continuous film. The FTIR 
scans were conducted in transmission mode.  
Wide angel X-ray diffractometry (WXRD) was used to investigate the structure of 
the TFP glass samples. The as-made TFP fibers were ground to a fine powder in order to 
receive good signal from the measurement.  
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6.3 RESULTS AND DISCUSSION 
6.3.1 Processing approach to TFP glass fiber 
Figure 6.2 displays SEM images of TFP glass fibers at high and low magnification. 
The fibers were made from two spinnerets with different orifice sizes, 20 gauge and 30 
gauge, which correspond to orifice inner diameters of 603 µm and 159 µm, respectively. 
When the orifice diameter was reduced, the fiber diameter distribution shifted significantly 
towards fibers with smaller diameters as shown in Figure 6.2 c and f. This can be expected 
because the initial fiber diameter is decreased by the smaller orifice and the material 
delivery rate through the smaller orifice decreases at a given centrifugal drawing 
force/speed. It is worth noting that other process variables, such as heating temperature and 
rotational speed, can also influence the average and distribution of fiber diameters.34 The 
fiber diameter distribution of TFP glass fibers could be further fine-tuned for target 
applications by adjusting these process variables but this was beyond the scope of this 
study.  
The fiber diameter distributions of the two fiber samples in Figure 6.2 fit 
logarithmic normal (Gaussian) distributions, which is in accord with previously reported 
melt state centrifugal spinning and melt blowing of polymeric fibers.33-34 The nominal and 
log average fiber diameters along with the fit parameters are reported in Table 6.1. To the 
best of our knowledge, these are the smallest phosphate glass fibers with high aspect ratio 
made directly by melt processing. In addition, the glass fibers in this report are already in 
a nonwoven form, which is advantageous for some applications. For example, 
bioresorbable composite materials made from nonwoven fibers can enhance the composite 
mechanical properties and lower the composite dissolution rate more than unidirectional 
fibers.20 Nonwoven glass fibers made directly from this process obviate the need for post-
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processing unidirectional glass fibers produced by other methods into a randomly oriented 
nonwoven mat, which may lead to fiber breakage and reduced aspect ratio.  
 
Figutre 6.2: Representative SEM images and fiber diameter distributions of TFP fibers 
made at 270 oC, 10000 rpm, with a 20 gauge spinneret (a)-(c) and 30 gauge 
spinneret (d)-(f), respectively. The fiber diameter distributions were fit to 
logarithmic normal distributions (solid lines). Reprinted with permission from 
Ref. [30]. Copyright © 2014 Springer Science+Business Media New York. 
 
Table 6.1: Fiber diameter distribution information for TFP fibers made by Forcespinning 
at 270 oC, 10000 rpm. Reprinted with permission from Ref. [30]. Copyright 
© 2014 Springer Science+Business Media New York. 
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6.3.2 Bulk and fiber thermal properties 
In addition to the small and controllable fiber diameters, the as-made TFP fibers 
also exhibited interesting thermal behavior. As mentioned in the Experimental section, the 
as-spun fibers subjected to step-wise pre-conditioning prior to being thermally annealed at 
300 oC retained their fiber shape and smooth fiber surface (see SEM images in Figure 6.3), 
while the fibers directly thermally annealed at 300 oC showed significant softening and 
developed a wrinkled fiber surface. The step-wise pre-conditioning treatments are 
therefore essential for developing smooth, nontextured fiber surfaces with desired final 
fiber properties. 
 
Figure 6.3: Representative SEM images of (a) neat fiber subjected to step-wise 
preconditioning before thermally annealing at 300 oC for 2 hours and (b) neat 
fiber directly thermally annealed at 300 oC for 2 hours. Reprinted with 
permission from Ref. [30]. Copyright © 2014 Springer Science+Business 
Media New York. 
DSC thermograms (Figure 6.4) revealed that the Tg of NF was 20 
oC higher than 
that of the bulk powder (BP). The increase in Tg of the NF can be as much as 50 
oC, if the 
bulk powder was heated in the spinneret at a higher temperature or for a longer time during 
the spinning process. In addition, this change in Tg was partially reversed over time by 
storing NF samples in ambient air (NF Air) or in a dry desiccator (NF Dry) for 30 days.  
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The reversible change in Tg is likely due to the hygroscopic nature of phosphate 
glasses.10, 35 First, water molecules that are physically absorbed in the glass network may 
act as plasticizers, enhancing the mobility of the phosphate backbone and hence reducing 
the Tg. Second, the P-O-P linkages in TFP glass are easily hydrolyzed by water,
28, 36-37 
forming two chain ends terminated by hydroxyl groups (P-OH). This mechanism reduces 
the chain length and degree of crosslinks in the glass network, resulting in a lower Tg for 
the glass network. The first process is reversible depending on the thermodynamic 
equilibrium of water partitioning between the glass and ambient air,35, 38 while the second 
process is reversible provided an appropriate chemical environment and thermal energy is 
present.36  
 
Figure 6.4: From top to bottom: DSC thermograms of bulk powder, neat fiber, neat fiber 
aged for 30 days in air or in a desiccator. Vertical dashed lines indicate the 
Tg. All DSC data have been normalized by sample weight and arbitrarily 
shifted vertically for clarity. Reprinted with permission from Ref. [30]. 
Copyright © 2014 Springer Science+Business Media New York. 
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During the spinning process, the glass powder was heated to a temperature much 
higher than its Tg; the chain mobility allows for the release of physically absorbed water 
while the thermal energy favors the dehydration of the hydroxyl group, forming bridging 
oxygen (BO) or P=O. Conversely, during the 30 day aging period, the fiber samples absorb 
moisture, reversing the previous process. The fiber sample stored in the desiccator absorbs 
less moisture than the fiber sample exposed to ambient air, and therefore has less reduction 
in Tg.  
In addition, a series of control studies were conducted to explore other possible 
factors that may contribute to this reversible change in Tg. First, WXRD was used to 
investigate the structure of the TFP glass samples. The as-made TFP fibers were ground to 
a fine powder in order to receive sufficient signal from the measurement. The results are 
displayed in Figure 6.5. Both the bulk powder and the fibers exhibit only a broad 
amorphous halo from 2ϴ = 17o to 35o, indicating samples are completely amorphous. The 
WXRD results confirmed that the increase in glass transition temperature (Tg) of the fibers 
is not a result of development or change in crystal structure. 
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Figure 6.5: WXRD spectra of the bulk powder and the as-made fibers. Reprinted with 
permission from Ref. [30]. Copyright © 2014 Springer Science+Business 
Media New York. 
 A series of differential scanning calorimetry (DSC) control experiments were also 
conducted and the results are presented in Figure 6.6 through 6.8. One possible factor that 
may increase the Tg of TFP glass is the oxidation of tin (Sn) from Sn
2+ to Sn4+. To test this 
hypothesis, two batches of fibers were made under identical thermal conditions (heater 
temperature = 320 oC, melt temperature = 270 oC), and either ambient air or inert Argon 
(Ar) atmosphere was used. If tin oxidation plays an important role in changing Tg, then the 
increase in Tg will only be observed in the fibers made in air. However, as shown in Figure 
6.6, the Tg of the fibers made in Ar increases by the same amount as that of the fibers made 
in air. This suggests that the oxidation of tin is not the cause of the change in Tg of as-made 
fibers.   
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Figure 6.6: DSC thermograms of bulk powder, neat fibers made in air, and neat fibers 
made in Argon. All DSC data have been normalized by sample weight and 
arbitrarily shifted vertically for clarity. Reprinted with permission from Ref. 
[30]. Copyright © 2014 Springer Science+Business Media New York. 
When subjected to rapid temperature quenching, an amorphous glass can vitrify in 
a non-equilibrium state, resulting in residual stress trapped in the network and a higher Tg 
compared to a glass cooled slowly to below its Tg. This phenomenon is relevant in our 
study because during fiber spinning, the temperature of the material drops rapidly from 270 
oC to room temperature in less than a second. To investigate the effect of rapid quenching 
during the fiber spinning process, the bulk powder samples were quenched in DSC pans 
from 320 oC to room temperature at cooling rates of 5, 20, and 100 oC/min. The Tg’s of 
the samples were measured using a second heating scan at 20 oC/min. As shown in Figure 
6.7, the Tg of bulk powder is independent of the quench rate in the DSC, indicating that the 
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increase in as-made fiber Tg is not due to a rapid temperature decline during the fiber 
spinning process. 
 
Figure 6.7: DSC thermograms of bulk powder with cooling rates of 5, 20, or 100 oC/min 
followed by a second heating scan at 20 oC/min for all three samples. All DSC 
data have been normalized by sample weight and arbitrarily shifted vertically 
for clarity. Reprinted with permission from Ref. [30]. Copyright © 2014 
Springer Science+Business Media New York. 
In addition to quenching, rapid deformation of melt into glass fiber by centrifugal 
force and air drag may also induce stress and lead to an increase in Tg. Here, the bulk 
powder was heated in the DSC pan at 320 oC for 3 minutes in air atmosphere and the Tg 
was subsequently measured by a second heating scan. This experiment was designed to 
mimic the fiber spinning heating procedure but without the deformation and the result is 
shown in Figure 6.8. The Tg of bulk powder annealed for 3 minutes in the DSC increases 
by 50 oC compared to the Tg of bulk powder without annealing, confirming that rapid 
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deformation is not the cause of the increase in Tg of the fibers. The results of these control 
studies suggest that the reversible change in Tg is most likely caused by thermodynamics 
driven water absorption / desorption of TFP glass fibers.  
 
Figure 6.8: DSC thermograms of bulk powder with or without annealing in ambient, extra 
dry air. All DSC data have been normalized by sample weight and arbitrarily 
shifted vertically for clarity. Reprinted with permission from Ref. [30]. 
Copyright © 2014 Springer Science+Business Media New York. 
Apart from the reversible Tg change, fibers that were made and then thermally 
annealed as previously described (AF1H and AF2H) also exhibited enhanced thermal 
stability compared to the original TFP glass powder (BP) and neat fiber. In Figure 6.9 a, 
the Tg of the bulk and fiber samples is labeled by vertical dashed lines, while the onset of 
the primary endothermic peak is indicated by an asterisk. This endothermic peak is not due 
to a melting transition because both the bulk powder and the fiber samples were confirmed 
to be completely amorphous by WAXD (Figure 6.5). The onset of the primary 
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endothermic peak is superimposed onto the TGA thermograms shown in Figure 6.9 b and 
corresponds well with the onset of weight loss, suggesting that the endothermic event in 
DSC is due to the evaporation of volatile components. An interesting feature is the plateau 
between 260 oC and 345 oC of the NF sample, which is present in both the DSC and TGA 
trace, again reflecting that the DSC endothermic peak and the TGA weight loss are closely 
related.  
 
Figure 6.9: (a) DSC and (b) TGA thermograms of bulk powder (red), neat fibers (blue), 
annealed fibers at 300 oC for 1 hour (green), and annealed fibers at 300 oC for 
2 hours (orange). All DSC data have been normalized by sample weight and 
arbitrarily shifted vertically for clarity. Reprinted with permission from Ref. 
[30]. Copyright © 2014 Springer Science+Business Media New York. 
Comparing BP and AF2H, the Tg is increased from 100 
oC to 205 oC and the onset 
of the evaporation and weight loss increased from 160 oC to 290 oC. Although drastic, this 
trend is expected, because both the fiber spinning and thermal annealing can be considered 
a dehydration process as previously explained, forming a more rigid glass network.  Ehrt 
et al. also showed that TFP glass with a higher glass transition and lower OH content 
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exhibits better optical properties and chemical durability after seven years than one with a 
lower glass transition and higher OH content.37 Along with the thermal stability, the 
thermally treated TFP fibers could be excellent candidates for catalysis and chemical 
filtration applications. 
The thermally annealed TFP glass fibers were able to retain their shape up to 350 
oC, which is much higher than the Tg of the starting BP as well as NF. This is atypical for 
a completely amorphous material, and suggests that other structural and compositional 
changes may have occurred in addition to dehydration. 
6.3.4 Compositional and structural investigations 
To investigate the compositional change of TFP bulk and fiber samples, semi-
quantitative SEM-EDS analyses were conducted and the results are presented in Figure 
6.10. There is no statistically significant compositional change between the bulk powder 
and the neat fiber sample. However, the thermally annealed fiber samples showed 
significant loss in F and gain in O, which agreed with previous observations of 
volatilization of F by Ehrt and others.36-37 Further, the Sn and P content remains constant 
in all samples, suggesting that Sn is a network forming cation instead of network doping 
modifier for TFP glass.25 This also indicates that the backbone structure (Sn-O-P-O) for 
TFP glass fibers is retained during thermal annealing.  
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Figure 6.10: Atomic composition of TFP bulk and fiber samples from SEM-EDS. The 
scale bars represent statistical errors of 8 measurements from each sample. 
Systematic errors are reported in the experimental procedure. Reprinted with 
permission from Ref. [30]. Copyright © 2014 Springer Science+Business 
Media New York. 
The atomic ratio between oxygen and phosphorus is an indicator of the degree of 
polymerization and crosslinking in phosphate glasses.16, 39-40 As shown in Figure 6.11, 
AF1H and AF2H have higher O/P ratio than BP and NF, suggesting the presence of longer 
chains and a more crosslinked structure, both of which could hinder chain mobility and 
result in higher Tg. Such dependence of Tg on O/P has also been observed in aluminum 
phosphate glass.41  
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Figure 6.11: Atomic O/P ratio of TFP bulk and fiber samples. Reprinted with permission 
from Ref. [30]. Copyright © 2014 Springer Science+Business Media New 
York. 
The atomic ratio between F and O is also significant as it not only affects the mass 
density and chemical durability,25, 27-28 but also the thermal properties of TFP glass.25 
Figure 6.12 shows that the Tg of TFP glass samples increases linearly as the F/O ratio 
decreases from 0.6 to 0.2 as a result of prolonged thermal treatment either during 
centrifugal spinning or post spinning thermal annealing. A similar correlation between Tg 
and the F/O ratio has been observed by Xu et al. for TFP containing the same initial P2O5 
content but varied F/O ratio.25 Sn-F-Sn, P-F-Sn and P-F-P linkages are believed to be 
weaker than Sn-O-Sn, P-O-Sn and P-O-P linkages. As F/O ratio decreases, the fluorine 
bonds are gradually replaced by the stronger oxygen bonds. The loss of F in conjunction 
with dehydration during thermal annealing again increases the network rigidity and 
consequently the Tg.  
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Figure 6.12: The effect of compositional change on Tg of the TFP fibers. Reprinted with 
permission from Ref. [30]. Copyright © 2014 Springer Science+Business 
Media New York. 
FTIR spectroscopy was employed to investigate the structural evolution of the TFP 
glass after spinning and various stages of thermal annealing. The transmission FTIR spectra 
are shown in Figure 6.13. The transmittance at 1400 cm-1, indicated by open circles, 
corresponds to the H-OH bending vibration.25 The transmittance valley gradually 
diminishes as BP was made into NF, and even more markedly for the subsequently 
thermally annealed fibers, again confirming the release of structural water by prolonged 
heating. The complete disappearance of the valley for the AF2H sample indicates that the 
fiber sample was almost completely anhydrous after two hours of annealing at 300 oC.  
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Figure 6.13: From top to bottom: FTIR spectra of BP, NF, AF1H and AF2H. All data have 
been shifted vertically for clarity. Reprinted with permission from Ref. [30]. 
Copyright © 2014 Springer Science+Business Media New York. 
The asterisks at 1250-1300 cm-1 indicate the P=O stretching vibrations,25, 42-44 while 
the open diamonds at 1100 cm-1 indicate the P-O- stretching vibrations25, 42-45 of either the 
Sn-O-P linkage25 or the phosphate group bonded to a non-bridging oxygen (NBO) in a Q0, 
Q1, or Q2 state. As TFP glass samples undergo a series of thermal treatments, the 
transmission due to the P=O stretching vibration increases (decreasing P=O content) while 
the transmission due to P-O- stretching vibrations increases (decreasing P-O- content). 
Since Sn acts as a network former and the -Sn-O-P- linkage is strong, it is likely that the 
reduced P-O- groups is due to the annihilation of terminating hydroxyl groups, forming BO 
through polycondensation at elevated temperature. This again complements the EDS 
compositional analysis and suggests that the thermally annealed fibers contain more 
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crosslinks, which explains the enhanced thermal stability of the fiber samples with longer 
annealing time. 
The transmittance valleys indicated by the ‘#’ symbols at 1000 cm-1 and 820 cm-1 
can be assigned to P-F vibrations; they are detectable because the fluorine content is high 
with F/O ratios greater than 0.325 for all samples investigated in this study. The 
transmittance valleys at 900 cm-1 and 720 cm-1 indicated by the ‘+’ symbols are attributed 
to P-O-P stretching and bending vibrations, respectively. These absorption bands become 
less resolved as thermal treatment proceeds, perhaps due to the large loss of fluorine, and 
the less ideal glass structure that results.  
6.4 CONCLUSION 
Taking advantage of the low Tg and polymeric nature of TFP glass and the large 
fiber drawing force of Forcespinning, inorganic TFP nonwoven fibers with single micron 
average diameters were produced directly from the melt state. As-made fibers have a Tg 
that is 20 oC higher than the bulk powder, which can be reversed back to the Tg of the bulk 
powder by exposing the fibers to ambient air. This change is caused by removal of hydroxyl 
end groups and/or removal of physically absorbed water from the glass network during the 
brief heating of the spinning process. 
After thermal treatment, the fibers exhibit close to a 100 oC increase in Tg and 
enhanced thermal stability as determined by DSC, TGA, and microscopy. SEM-EDS 
analysis of bulk and fiber samples reveals increasing loss of fluorine during thermal 
annealing, while FTIR data suggests the occurrence of dehydration with prolonged heating. 
Both changes lead to formation of a more rigid and crosslinked glass network and 
contribute to the enhanced thermal stability and increase in Tg of the thermally annealed 
fiber samples.  
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Chapter 7: Melt State Centrifugal Spinning and Mechanical Properties 
of Nonwoven Liquid Crystalline Polymer Fibers  
7.1 INTRODUCTION 
Liquid crystalline polymers (LCPs) are well known for their excellent mechanical, 
thermal, optical, and transport properties, and have been used in a broad spectrum of 
applications such as bulletproof vests, cut-resistant gloves, reinforcement materials, and 
optical displays.1-4 Different from conventional thermoplastic polymers, LCPs form a 
liquid crystal phase that can be considered an intermediate phase between an isotropic 
liquid and a crystalline solid. In the liquid crystal phase, LCPs are capable of forming 
regions of ordered structures while still flowing like a liquid. Processing LCPs in the liquid 
crystal state can often result in products with superior properties compared to conventional 
thermoplastics due to the potential for processing induced molecular orientation. 
Vectra is a commercial aromatic main chain LCP, with its liquid crystal units 
connected in the polymer backbone. Its rigid rod like backbone structure and capability to 
form long range positional and orientational order makes it an ideal material for developing 
high strength and modulus fibers. In fact, melt spun Vectra yarn, has been commercialized 
by Kuraray under the tradename Vectran. By weight, Vectran is five times stronger than 
steel and ten times stronger than aluminum.5 Tang et al. reinforced Vectra with 1 wt% 
carbon nanotubes to further increase the modulus of melt spun Vectra fibers.6 While these 
melt spun Vectra fibers possess high orientation and good mechanical properties, they are 
generally 20 – 30 µm in diameter.5-6  
In addition, processing Vectra into nonwoven fibers has been a long standing 
challenge due to its low solubility in common organic solvents and high thermal transition 
temperature. Inspection of the research literature shows that there is only one report on 
Vectra nonwoven fibers to date. Araujo et al. attempted to electrospin Vectra in 
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chloroform/pentafluorophenol solutions and obtained only droplets due to the limited 
viscoelasticity afforded by the rigid backbone structure.7 Adding polyethylene oxide (PEO) 
to the Vectra solution improved the solution spinability and resulted in nanofibers. 
However, their mechanical properties were greatly compromised compared to bulk 
Vectra,7 potentially because of the incompatibility of Vectra and PEO, or the lack of long 
range orientation of Vectra chains along the fiber axis due to the presence of PEO. 
We believe melt state centrifugal spinning can be a useful manufacturing method 
to produce Vectra nonwoven fibers with high performance. Melt state processing is 
particularly attractive for Vectra compared to solution state processing, because the 
solvents for Vectra, such as pentafluophenol used in the previous study, are not only highly 
toxic but also possess low volatility and low Vectra solubility (1-2 wt%). Further, the large 
extensional deformation afforded by the intrinsically large centrifugal force may lead to 
production of LCP fibers with reduced fiber diameter, enhanced chain orientation and 
attractive mechanical properties. If successful, such Vectra-based nonwovens could have 
great potential in practical applications as reinforcement, lamination, and ballistic 
materials. Therefore, the primary aim of the present study is to demonstrate and optimize 
the centrifugal spinning of Vectra to produce high quality nonwoven fibers from polymer 
melts. The mechanical properties and orientational order of the resulting fibers are also 
described in detail. 
7.2 EXPERIMENTAL 
7.2.1 Materials 
 Vectra A950 (Ticona, USA) was kindly donated by Ticona and used as received. 
Vectra A950 is a commercial grade random copolyester of 27% 2,6-hydroxynaphthoic acid 
 165 
(HNA) and 73% hydroxybenzoic acid (HBA) (see Figure 7.1) with a melting point of 280 
oC. Vectra A950 was dried at 80 oC for at least 24 hours prior to centrifugal spinning. 
 
Figure 7.1: Chemical structure of Vectra A950.  
7.2.2 Centrifugal spinning 
Vectra A950 was melt-processed into fibers by centrifugal spinning using a Fiberio 
Cyclone L-1000M. Commercially available spinnerets (FibeRio) with 24 orifices of 20 
gauge diameter (inner diameter of 603 µm) were used in this study. The heater temperature 
was set to 450 oC, which led to a spinneret orifice temperature of 350 oC as measured by 
an infrared temperature gun.  
Centrifugal spinning Vectra A950 at a spinneret temperature of 350 oC and spin 
speeds ranging from 6000 rpm to 12000 rpm led to formation of short fiber strands of 3 to 
5 cm in length. We believe this is due to the high melting point of Vectra A950 and the 
rapid cooling of the spinneret and extruded fiber during spinning. During centrifugal 
spinning, the fast rotating spinneret entrains cool ambient air causing the temperature of 
the spinneret orifices to rapidly drop below the desired processing temperature of the 
polymer (i.e., typically 50 oC above the melting temperature to facilitate polymer melt 
delivery and fiber drawing). One strategy to alleviate this problem is to increase the 
ambient air temperature surrounding the spinneret orifices. To facilitate this goal, an 
additional IR heating assembly (FibeRio) was implemented. The assembly include a 1400 
W circularly-shaped IR lamp that could generate heat nearly instantaneously (potentially 
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up to 1000 oC) and a sliding bar which allowed the lamp to move laterally and vertically 
near the spinneret. A labeled photograph of the heating assembly is shown in Figure 7.2. 
 
Figure 7.2: Centrifugal spinning equipped with circularly-shaped IR lamp.  
The following centrifugal spinning protocol was used to reproducibly generate 
Vectra fibers in this study. After the spinneret was heated to 350 oC, the top heater was 
raised and approx. 0.25g of Vectra pellets were added through the spinneret opening in the 
top. The IR lamp was placed 3 cm above the top of the spinneret. (Caution: moving the IR 
lamp any closer to the spinneret impeded airflow during spinning and fibers attached to 
and re-melted on the IR lamp instead of migrating towards the collector.) The IR lamp 
stayed on for 60 seconds as the polymer was melting inside the spinneret prior to spinning. 
Fibers were then made at 8000 rpm with the IR lamp on and in place. It was observed that 
fibers were produced only in the first few seconds of a spinning cycle due to rapid cooling 
of the spinneret.  
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7.2.3 Dynamic mechanical analysis (DMA) 
The mechanical properties of the resulting fiber mats were measured by DMA (TA 
instruments Q800). To prepare samples for single fiber tensile testing, single fibers were 
first carefully pulled out from as-processed fiber mats. A mounting window was prepared 
by cutting a 10 mm x 10 mm square in the center of a cardboard template. Two part epoxy 
glue was used to secure the single fiber sample across the window which was allowed to 
cure and dry overnight. The diameters of the mounted fiber samples were measured by 
optical microscope. The mounting window with fiber of known diameter was placed in the 
tensile film grips of the DMA. The two sides of the mounting window were cut, leaving 
only the single fiber between the grips. Stress-strain tests of Vectra single fibers were 
conducted at ambient conditions with a displacement of 10 mm/minute and a 0.01 N 
preload force. 
7.2.4 Polarized infrared spectroscopy (ATR-FTIR) 
Fourier Transform Infrared spectra were measured in attenuated total reflection 
mode (ATR-FTIR) on a FTIR (Thermo Scientific Nicolet 6700) equipped with a diamond 
ATR crystal accessory (PIKE MIRacle™). An IR wire grid Zn-Se polarizer (Thor Lab) 
was used to generate polarized IR light. Samples were characterized by FTIR for 64 scans 
with a 4 cm-1 resolution to obtain sufficient signal-to-noise ratio. 
Due to sensitivity limitations of the instrument, a bundle of aligned fibers was 
prepared for FTIR studies by gently pulling a nonwoven mat. The two ends of the fiber 
bundle were taped to a cardboard mounting window prepared as described in Section 7.2.3. 
The comparative bulk film sample was prepared by melt pressing a Vectra pellet into an 
800 µm thick film at 300 oC using a rheometer equipped with parallel plates.  
The absorption intensities were obtained by integrating the area under the 
absorption bands. The dichroic ratio (DR) was calculated using the following equation:  
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DR =
𝐴∥
𝐴⊥
     (Eq. 1) 
where 𝐴∥  and 𝐴⊥  are the absorption intensities measured with the IR beam 
polarized parallel and perpendicular to the direction of extensional deformation, 
respectively. The molecular orientational order for a uniaxially drawn material can be 
described by the Herman’s orientation factor, f, calculated as follows:8 
f =
𝐷𝑅−1
𝐷𝑅+2
     (Eq. 2) 
7.2.5 Polarized optical microscopy 
  Molecular orientation in Vectra fibers and films was qualitatively imaged using 
an optical microscope (Olympus BX 60) with a Nikon camera and crossed polarizers. A 
single fiber was secured across a cardboard mounting window. A bulk film was made by 
melt pressing a Vectra pellet between a microscope slide and a cover slip at 300 oC. 
7.2.6 Scanning electron microscopy (SEM) 
A thin layer of fibers was attached to the SEM sample holder with double sided 
carbon tape and sputter coated with Au/Pd to minimize charging. The coated samples were 
imaged by a Hitachi S-4500 SEM at an accelerating voltage of 15 kV.  
7.3 RESULTS AND DISCUSSION 
7.3.1 Fiber processing 
Nonwoven Vectra fibers were made by centrifugal spinning (spinneret temperature 
= 350 oC, spin speed = 8000 rpm), and an SEM image of the fiber sample is shown in 
Figure 7.3. The fiber diameters ranged from 3 to 20 µm. The fiber diameter variation is 
fairly large, mainly because of the high melting point of the material and the very narrow 
temperature processing window in which the polymer melt elongates into fibers. 
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Figure 7.3: A representative SEM image of Vectra fiber made at 350 oC, 8000 rpm.  
Other fiber spinning conditions were also considered. It was found that decreasing 
spinneret temperature led to formation of large polymer globules (much larger than 50 µm 
in size, some attached to fibers and some isolated droplet like structures) and shorter fibers. 
In addition, below 320 oC the orifices were clogged by the polymer and no fiber was 
formed. It is expected that further increasing the spinneret temperature to 380 oC (Vectra 
A950 has an onset degradation temperature of 430 oC9 and has been processed at as high 
as 390 oC previously)10 would likely produce fibers with smaller average fiber diameter 
and narrower fiber distribution. Unfortunately, 350 oC is the maximum spinneret 
temperature that could be achieved in our current spinning setup. 
On the other hand, varying spin speed from 6000 to 10000 rpm had no observable 
impact on fiber diameter or fiber morphology. However, increasing the spin speed to 12000 
rpm produced more fiber fragments and small polymer globules. It is hypothesized that 
higher spin speeds entrained more cool ambient air, which causes the polymer melt to 
solidify near the spinneret orifices before being drawn into fibers. 
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7.3.2 Mechanical properties 
 Due to their importance in end-use applications, the mechanical properties of 
Vectra fibers made by centrifugal spinning were characterized. Figure 7.4 shows 
representative stress-strain curves of uniaxial tensile testing for three single fibers with 
different diameters. Like the ones shown in the figure, most fiber samples exhibit a 
maximum in stress followed by sudden rupture without yielding. This behavior is expected 
due to the rigid rod like backbone structure of Vectra. In addition, Young’s modulus, 
defined as the initial slope of the stress-strain curve, increases significantly with decreasing 
fiber diameter. Figure 7.5 presents the Young’s modulus as a function of the fiber 
diameter, obtained from the stress-strain tests of over 50 single fibers. The fibers were 
divided into groups by diameter with bin size of 2 µm and the average of the modulus and 
fiber diameter were calculated. The vertical and horizontal error bars correspond to one 
standard deviation of the Young’s modulus and fiber diameter data in each bin.  
 
Figure 7.4: Representative stress strain curves of three individual fibers with different 
fiber diameter.  
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Figure 7.5: Dependence of fiber modulus on fiber diameter for over 50 single fiber 
samples. The fibers were grouped by their diameter into bins of 2 µm. The 
vertical and horizontal error bars corresponds to one standard deviation of the 
measurements. The horizontal dashed line represents the modulus of bulk 
Vectra.11-12 The left and right cross-polarized microscope images and 
structural schematics represent typical molecular orientation in fibers with 
small and large diameters.  
 Figure 7.5 clearly shows that Young’s modulus increases with reducing diameter. 
It is worth noting that the modulus of the smallest fibers (with average diameter centers at 
5 µm) in the fiber mat is 158 ± 27 GPa, over an order of magnitude higher than the modulus 
of the bulk Vectra.11-12 Such dramatic increase in Young’s modulus can also be attributed 
to the thermotropic liquid crystal nature of Vectra and its ability to assist in orienting chains 
along the extensional flow or drawing direction.13-14 For example, a number of studies 
reported increased modulus ranging from 15 to 56 GPa for uniaxially oriented films or 
tapes made by extrusion.8, 12 In addition, commercial melt spun Vectran fibers with average 
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diameters = 25.5 ± 2.1 µm15 possess moduli ranging from 52 to 103 GPa.5 Compared to 
commercially available Vectran fibers, the smallest diameter fibers from the present study 
have a 1.5 to 3 times higher modulus, while large diameter Vectra fibers similar in size to 
Vectran fibers possess lower modulus values approaching that of the bulk materials. It is 
possible that the effect of transient elongational deformation in centrifugal spinning is less 
effective at chain orientation compared to melt spinning where there is a more continuous 
shear flow during extrusion of the material coupled with uniaxial stretching following 
extrusion.  
Another possible explanation for this is the increased number of grain boundaries 
with increasing fiber diameter, which act as mechanical defect points during tensile 
testing.6, 16 As revealed by the two cross-polarized microscope images in Figure 7.5, fibers 
with both small (diameter = 5.3 µm) and large (diameter = 16.7 µm) diameters exhibit 
uniform brightness, indicating that the polymer chains are on average highly oriented for 
both fibers. However, several dark lines perpendicular to the fiber axis were observed in 
the large fiber. These dark regions in cross-polarized microscopy indicate a lack of local 
order, and may arise as the different crystal domains intersect as shown by the schematic 
diagram in the figure. This observation suggests fibers with smaller diameter have 
molecular orientation with greater continuity down the fiber axis and less defects.   
7.3.3 Molecular orientation 
 Polarized optical microscopy was used to qualitatively examine the molecular 
orientation of the Vectra fiber made by centrifugal spinning and bulk film made by melt 
pressing a polymer pellet between a microscope . Figure 7.6 shows the regular and cross-
polarized microscope images of the two samples. The bulk film exhibits a thread-like 
pattern which is consistent with the previously observed nematic phase for neat Vectra.9, 17 
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In addition, the film exhibits nematic liquid crystal texture when the sample is placed both 
parallel and 45o to the cross polarization axis, indicating the lack of long range molecular 
orientation in the bulk film. On the contrary, Vectra fiber appears completely dark when 
placed parallel to the cross polarization axis and appears bright when placed 45o to the 
cross polarization axes, qualitatively indicating that there is a significant amount of 
orientational order along the fiber axis. 
 
Figure 7.6: Regular and crossed polarized microscopy of Vectra bulk film and fibers. 
The 20 µm scale bar applies to all images in this figure. 
The molecular orientation of Vectra bulk film and fiber can be further quantified 
by polarized infrared spectroscopy. Figure 7.7 shows the polarized FTIR spectra of film 
and fiber measured when the IR beam is polarized either parallel or perpendicular to a 
reference direction, which is the direction of elongation in this study. The spectra of the 
melt-pressed film are nearly identical, while the fiber exhibits strong dichroism in IR 
absorption with different polarization directions. 
 174 
 
Figure 7.7: Polarized ATR-FTIR of Vectra (a) bulk film and (b) fiber. The solid line and 
the dash line represent spectra collected under parallel and perpendicular 
polarization of the IR beam to the direction of elongation, respectively.  
 In this study, the spectra were normalized by the absorption band at 1410 cm-1, 
which is assigned to the benzene ring vibration that is insensitive to orientation.8, 18 The 
absorption bands at 1470 cm-1, which are assigned to the stretching vibration of 
naphthalene, is used to characterize the polymer chain orientation.8, 19 Hermann’s 
orientation factor, f, describes the extent of polymer chain orientation relative to either the 
extrusion direction or the elongation direction of the fiber. f has values ranging from -0.5 
to 1. The material is isotropic, parallel oriented, and perpendicularly oriented to a reference 
direction, when f equals to 0, 1, and -0.5, respectively.  
The orientation factor f is calculated by Eq. 2 to be 0.03 and 0.63 for bulk film and 
fiber, respectively. This suggests that the molecular orientation in the bulk film is mostly 
isotropic on average, while the Vectra backbone preferentially orients parallel to the fiber 
axis. These more quantitative results corroborate with the previous evaluation by cross-
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polarized microscopy images. This is expected as it is commonly accepted that main chain 
LCPs prefer to align along the extrusion or elongation direction.13-14 For instance, 
Branciforti et al. reported parallel orientation of Vectra chains to the extrusion direction 
with f as high as 0.75.8  
The lower orientational order of Vectra fiber may be contributed to imperfect 
alignment of the FTIR sample. In addition, the fiber bundles included fibers with a range 
of diameters possibly reflecting a range of orientational orders that are averaged during the 
IR measurement. Pai et al. investigated the mechanical properties and orientational order 
of electrospun nylon 6 fibers with varying diameters. They observed a two fold increase in 
modulus and increased f from -0.1 to 0.4 as fiber diameter decreased from 3600 nm to 170 
nm.20 Considering the strong dependence of modulus on fiber diameter as described in 
section 7.3.2, it is very likely that there is a distribution of f values dependent on the 
diameter of Vectra fibers.  
7.4 CONCLUSION 
 In this chapter, the centrifugal spinning of Vectra LCP fibers is described. 
Mechanical testing showed that the Young’s modulus is highly dependent on fiber 
diameter. The Young’s modulus of the smallest fibers with diameters around 5 µm was 
almost an order of magnitude higher than that of the bulk material. This can be attributed 
to the high molecular orientational order with the Vectra backbone preferentially aligning 
along the fiber axis, as revealed by cross-polarized optical microscopy and polarized ATR-
FTIR studies. The nonwoven Vectra fibers made by centrifugal spinning not only possess 
enhanced mechanical properties and molecular orientation, but they were also made into 
nonwovens in a single step negating the need for post processing steps such as cutting the 
fibers into short fragments and dispersing the fragments into nonwovens.  
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Chapter 8:  Future Work 
The previous chapters detailed research that developed process capabilities and 
fundamental understanding for a new reactive fiber spinning platform that couples thiol-
ene photopolymerization and centrifugal spinning. A portion of the research in this 
dissertation was also committed to the melt state centrifugal spinning of polymeric and 
inorganic materials which have been notoriously challenging to process into fibers. In this 
final chapter, I will suggest several future research directions that could be pursued. 
8.1 INCORPORATING CRYSTALLINITY IN A HIGHLY CROSSLINKED NETWORK 
The first proposed direction evolves around introducing crystallinity, as physical 
crosslinks, into the highly chemically crosslinked fiber network to further enhance fiber 
properties. It is well accepted that many high performance polymers, such as Kevlar, Nylon 
and various polyesters, possess excellent mechanical strength, chemical resistance, and 
high service temperature stability owing to their high crystallinity.  
On the other hand, the effects of crystallinity on a lightly crosslinked network and 
its various properties have also been reported for a number of gel materials. For example, 
Winey and coworkers attributed the mechanical properties of crosslinked samples to their 
network structural changes in an analogue of polymers containing varying lengths of alkyl 
spacer between the acrylic acid groups serving as transient crosslinks.1 Peppas and others 
investigated many properties such as network mesh size, controlled release behavior, 
swelling behavior, etc. of acrylate modified polyvinyl alcohol as a function of degree of 
crystallinity.2-4 Medel and coworkers correlated the fatigue strength of crosslinked 
polyethylene to the lamellae crystal thickness controlled by post thermal treatments.5 
However, all of these aforementioned studies focus on bulk materials, and were 
prepared in processes where crosslinking kinetics is important but not a critical parameter 
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that dictates sample formation. In contrast, in the process of simultaneous centrifugal 
spinning and thiol-ene photopolymerization, the formation of fibers depends greatly on the 
polymerization kinetics as well as the relationship of the kinetics to the viscoelastic and 
processing timescales (as previously discussed in Chapter 2). Therefore, it is essential to 
design the monomer architecture in order to enable the formation of crystals in a highly 
crosslinked network, while still retaining sufficiently fast polymerization kinetics 
compatible with fiber processes, and suitable viscoelastic properties for monomer mixture 
delivery.  
8.1.1 Crystallizable macro-monomer  
The first aspect of this proposed research is to understand structure-property 
relationships by fine tuning the monomer architecture. While the processing conditions, 
viscoelasticity and reaction kinetics constraints of monomers can be optimized based on 
previous results presented in Chapter 2 to 4, the capability to synthesize reactive monomers 
with desired architecture (backbone structure of monomer, reactivity, functional group 
density, and placement of functional groups, etc.) will be necessary.  
Here, we propose to incorporate into the monomer mixture a macro-monomer 
containing both a polyethylene backbone and pendant acrylate functional groups. Ideally, 
this macro-monomer will have a molecular weight (MW) of several thousand Dalton and 
multiple reactive functional groups distributed along the long alkyl backbone. One 
candidate of the starting macro-monomer as shown in Figure 8.1, poly(ethylene-co-acrylic 
acid) (PEAA), is commercially available from DuPont and Dow under the tradenames of 
Nucrel and Primacore with a range of acrylic acid content values and viscosities. Some 
solvent or reactive diluent will be needed to solubilize the macro-monomer and tailor the 
viscoelastic properties demanded by the fiber spinning process as discussed in Chapter 2 
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and 3. However, commercial polymers typically have large molecular weights (ca. 100 
kDa), and may be difficult to solubilize or too viscous for this spinning process. If this is 
the case,  PEAA can also be synthesized by high pressure, free radical polymerization6 or 
acrylic diene metathesis1, 7-8 as previously reported. As shown in Figure 8.1, the pendant 
acrylic acid can be readily modified into photocurable acrylate, via either ring opening of 
epoxide9-11 or esterification with alcohol.12-13 This general reaction scheme is also 
applicable to modify PEAA with other photocurable moieties such as vinyl ether, allyl 
ether, methacrylate, etc. Many variations of such small functional molecules are readily 
available from the radiation-cure coating industry.  
 
Figure 8.1: Potential synthesis route for acrylate modification of PEAA. 
In this system, there are several material parameters, such as the MW of the macro-
monomer, the fraction of polyethylene segments, and the conversion of acrylic acid to 
acrylate or other photocurable moieties, etc., that can be used to adjust network mesh size, 
the ratio of crystalline to amorphous regions, curing kinetics, and ultimately fiber 
morphology and properties.1-2, 14-15 It is anticipated that there will be a tradeoff between 
curing kinetics and crystal formation. For example, as the fraction of polyethylene 
segments increases, the crystallizable fraction will increase, leading to formation of more 
physical crosslinks. However, this also dilutes the concentration of reactive functional 
groups in the monomer mixture which will hinder the formation of chemical crosslinks. It 
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is therefore essential to identify the optimal fraction of polyethylene segments and optimal 
number of reactive groups for both crosslinked network formation and crystal formation. 
In addition, it will be interesting to observe how the coexistence of physical and chemical 
crosslinks in an altered network impacts the properties (e.g. thermal, mechanical, swelling) 
of the crosslinked fibers. 
8.1.2 Process and conditions of crystallization 
The second aspect of this proposed research entails investigating the process of 
introducing crystallinity to the crosslinked network and how the process impacts crystal 
morphology, network structure, and fiber properties. Figure 8.2 represents two distinct 
methods of incorporating crystals. In the first approach, as shown in Figure 8.2 a, the 
monomers prior to spinning do not contain crystallinity, because the polyethylene chains 
of macro-monomers are solubilized by solvents or reactive diluents. During fiber spinning, 
crystallization of polyethylene chains occurs throughout the network upon removal of 
solvents and curing of the small molecules. Due to the large shear and extensional 
deformation of the fiber spinning process, we speculate that crystals may have preferential 
orientation along the fiber axis, leading to enhanced mechanical properties.16-18  
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Figure 8.2: Introducing crystallinity in a crosslinked network (a) in-situ or (b) by pre-
crystallization via miniemulsion. The blue circles, red circles, and yellow 
patches indicate reactive functional groups, chemical crosslinks, and crystals, 
respectively.  
In the second approach, as shown in Figure 8.2 b, the same macro-monomer is first 
pre-crystallized in an oil in water miniemulsion, forming crystals within droplets with 0.1 
to 0.5 µm in size. The methods and conditions for pre-crystallization have been optimized 
and reported by numerous research groups on a variety of semi-crystalline polymers.19-21 
The pre-crystallized monomers with reactive moieties can then be dispersed in the 
monomer mixture and photopolymerized, forming pockets of crystals within the 
chemically crosslinked network. Further, it is possible for these preformed crystals to act 
as heterogeneous nucleation sites that promote crystallization during the fiber formation 
and polymerization process.20  
These two approaches provide unique and versatile platforms to study methods of 
incorporating crystallinity into a crosslinked fiber network. The results will shed light on 
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how fiber mechanical properties change with morphology, size distribution and orientation 
of crystals. 
8.2 DUAL CURE SYSTEM  
Despite the numerous applications (coatings, dental, biomaterials, lithography, etc.) 
for thiol-ene click chemistry,22-25 diversification of our fibers “on-demand” approach to 
multiple polymer chemistries will greatly expand the accessible properties and end-use 
applications. One strategy to accomplish this goal is to adopt a dual cure approach, where 
the fiber shape is rapidly set by photopolymerization, while the remainder of the network 
is polymerized by an alternative stimulus some time later.26-27   
8.2.1 Urethane chemistry 
Polyurethane based chemistry is of interest for the dual cure system because it 
offers the ability to tailor the ratio of hard to soft segments which is advantageous for 
broadly tuning mechanical properties. The versatility of polyurethane chemistry has 
enabled polyurethane materials to be used in applications ranging from engineering 
materials to commercial products such as polyurethane foams to soft materials used in 
biomedical applications, and even specialty applications such as shape memory polymers.  
Additionally, temperature, time, and moisture can all be used to further control the final 
properties of polyurethanes, which are stimuli that could be applied without extended 
exposure to light.     
A schematic diagram of this concept for incorporating polyurethane chemistry into 
in-situ thiol-ene photopolymerization and fiber spinning is presented in Figure 8.3. Here, 
a monomer mixture is prepared of di- or mono-acrylated polyols, penta-acrylates, tetra-
thiols, and di-isocynates (Figure 8.3 a). The use of acrylated polyols allows the rapid 
formation of a cross-linked network via thiol-ene photopolymerization (Figure 8.3 b) and 
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the subsequent polymerization of isocyanates with these acrylated polyols is accomplished 
in a second phase (Figure 8.3 c). We envision that a nearly continuous spectrum of thiol-
ene and polyurethane component arrangements could be possible. At one extreme lies 
polyurethane oligomers/polymers dispersed in a thiol-ene network while the other extreme 
is a system that is predominately polyurethane crosslinked by a thiol-ene reaction with the 
intermediate case being two fully interpenetrating components (one thiol-ene, the other 
polyurethane). 
 
Figure 8.3: A schematic representation of thiol-ene and polyurethane dual cure system 
where (a) a monomer mixture consisting of thiol, acrylate, acrylated-polyol, 
and isocyanate oligomers is mixed and (b) exposed to UV radiation during 
fiber spinning.  (c) A second post cure step is used to complete the 
polymerization of polyurethane. Image courtesy of Amanda Jones. 
The required monomers are commercially available from Sartomer/Arkema, 
Allnex, and Dymax (to name a few), but the ability to control the functionality of the 
monomers may be required for the rapid formation of fibers.  One possible synthesis route 
for a mono-acrylated polyol is shown in Figure 8.4.28-29 This synthesis route can also be 
extended to other acrylated polyols with various backbone structures and numbers of 
reactive moieties.  
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Figure 8.4: Potential synthesis route for production of an acrylated polyol. 
Varying acrylate functionality and concentration in the monomer mixture will 
allow fine tuning of the polymerization kinetics to ensure defect free fiber formation, while 
varying acrylated-polyurethane formulations (the ratio of hard to soft segments) will lead 
to tunable final fiber properties. The simultaneous study of chemical structure and 
mechanical properties for acrylated-polyurethane fibers will provide key insight for 
solventless production of cross-linked fibers “on demand” that we envision could be further 
extended to polyamide or polyester chemistries, thus greatly expanding the “monomer-
toolbox” for direct tailoring of fiber properties.   
8.2.2 Cationic polymerization 
Another chemistry of interest is UV initiated cationic polymerization, a subset of 
so-called living polymerizations. This means that once initiated, the polymerization is able 
to continue in the dark, which is not the case for free radical based thiol-ene polymerization 
due to the highly reactive and short-lived radical species. This feature is particularly 
advantageous for processes with transient light exposure, such as the fiber spinning process 
developed as part of this thesis research. The ability to polymerize in the dark could result 
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in post curing capabilities of the nonwoven products and enhanced mechanical robustness 
over time.  
For example, Figure 8.5 is a photograph of a series of monomer mixtures 
containing various amounts of di-functional vinyl ether and tetra-functional thiol 
monomers with both free radical and cationic photoinitiators. From left to right of the 
photograph, the molar ratio of ene to thiol decreases from 10:8 to 10:0. This corresponds 
to an increasing fraction of the monomer mixture system that polymerizes via cationic 
polymerization instead of free radical polymerization. The photograph was taken after the 
monomer mixtures were briefly exposed to UV light and then stored in the dark for six 
months. The colors of the monomer mixtures indicate that the cationic species are still 
active and polymer chains are still growing, while the intensity of the color indicates the 
concentration of the cationic species. It is expected the structural and mechanical properties 
of the monomer mixtures have undergone significant changes over time in the dark, 
although additional control studies and thorough characterization are needed to confirm 
this. Fibers made with such a dual cure system may have useful industrial applications. For 
instance, manufacturing of thiol-ene nonwoven products with an extended lifetime, where 
their properties are maintained or even enhanced by the secondary network facilitated by 
cationic polymerization.   
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Figure 8.5: A photograph of monomer mixtures containing vinyl ether, thiol, 3 wt% 
Irgacure 2100 (photoinitiator) and 3 wt% Irgacure 290 (photoacid generator). 
The photograph was taken after a brief UV exposure and storage in the dark 
for six months. From left to right, the ene to thiol molar ratio of the monomer 
mixture is 10:8, 10:6, 10:4, 10:2, and 10:0, respectively. 
One major challenge associated with cationic photopolymerization is that it can 
exhibit an unproductive induction period30-31 followed by rapid polymerization. The 
induction period is problematic and may not be tolerated by the short processing time in 
this reactive fiber spinning process. This issue could be addressed with the dual cure 
strategy above, where some fraction of the monomers first undergo radical polymerization 
to form fibers and a loosely crosslinked network, while the residual functional groups 
continue to react in the dark over time via cationic polymerization to further fortify the 
network. Under optimized centrifugal spinning conditions, it has been observed that our 
model monomer mixture system of 5A-4T containing an adequate amount of PEO (as 
described in Chapter 2 and 3) can form defect free fibers with significant amount of diluent, 
as long as the reaction kinetics is robust and viscosity of the monomer mix is appropriate. 
A sample monomer mixture formulation is as follows: 40 wt% 5A, 12 wt% 4T, 40 wt% 
Heloxy 67, 5 wt% Irgacure 2100 and 3 wt% Irgacure 290. This formulation yields an ene 
to thiol functional group molar ratio of 4, which generates good fibers as demonstrated in 
Chapters 2 to 4. Heloxy 67 is a commercially available di-epoxy monomer from 
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Momentive (now Hexion), which acts an inert diluent for thiol-ene polymerization, but a 
reactive monomer for cationic polymerization. It should be mentioned that many other 
commercial multifunctional epoxy monomers, such as Heloxy 48, Heloxy 68, and Heloxy 
107, are also promising alternatives. Irgacure 290 is a photoacid generator for cationic 
photopolymerization from BASF. This will be a promising starting point for this proposed 
research. Another option is to use photosensitizers, which can help generate more active 
centers by capturing a broader portion of the curing light spectrum (i.e., those that would 
not otherwise be effective for photolysis of photoinitiator), thereby shortening the 
induction time.32-35  
Additionally, cationic photopolymerization is a good complement to thiol-ene 
photopolymerization, since monomers which are inactive towards radicals, such as 
epoxides and lactones, can undergo cationic polymerization.36-37 Meanwhile, other 
monomers such as vinyl ethers33 can undergo either cationic or free radical 
photopolymerization, but may result in very different structural, thermal, and mechanical 
properties. Also, a large fraction of commercial bio-based (such as soybean oil and linseed 
oil) radiation curing monomers come with epoxide functional groups. The ability to 
incorporate these monomers into crosslinked fiber production without further chemical 
modifications will be increasingly attractive as our community becomes more 
environmentally conscious and major chemical companies look for renewable raw 
materials instead of petroleum based ones.  
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